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Photovoltaic energy has proven to be a sustainable, abundant, and cost-effective 
alternative energy source.  III-nitride semiconductors, particularly indium gallium nitride 
(InGaN) alloys, are a promising candidate for high-efficiency solar applications because 
of their highly-attractive inherent properties and the widely-available manufacturing 
infrastructure for the growth and fabrication of nitride-based devices.  However, the full 
potential of InGaN for photovoltaic applications requires significant progress in the areas 
of device design, material growth, and device fabrication.   
 The goal of this work is to evaluate the viability of InGaN alloys for  
high-efficiency solar cell applications.  Numerical simulations are employed to provide 
guidelines for the design of high-efficiency InGaN-based solar cells and to identify 
present and future material limitations.  The growth of InxGa1-xN alloys over the entire 
composition range by molecular beam epitaxy (MBE) is then investigated with the goal 
of eliminating phase separation and improving the crystal and optical quality.  The 
electrical and structural properties of doped III-nitride films, required to create the 
collecting p-n junction, are studied.  Several fabrication aspects, including plasma 
etching, metal contacts, and metal grid patterns that are necessary for the fabrication of 
InGaN-based solar cells, are developed.  These advances in material growth and device 
fabrication are implemented to demonstrate functioning InGaN/GaN  
double-heterojunction solar cells.  The performance of the devices is inherently limited 
by the heterostructures as evidenced by simulation and experimental results.  These 
restrictions can be eliminated by employing InGaN homojunction devices that are 
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currently challenging to fabricate due to the need for thick, high-quality InGaN layers.  
To address this issue, a hybrid MBE growth technique is presented.  Finally, the 
fabrication and integration of InGaN quantum dots for intermediate-band solar-cell 
applications is investigated.   
 These advances in the understanding of III-nitride solar cells lay the foundations 




CHAPTER 1  
INTRODUCTION 
1.1 Solar Cells 
As the global energy consumption will dramatically increase over the next 20 years [1], 
meeting growing demand for a secure, affordable, and sustainable energy source is a 
major challenge.  Currently, fossil fuels, which have detrimental effects on the 
environment, represent more than 80% of the world’s energy consumption [2].  To 
reduce fossil fuel dependency, an economically viable, environmentally sustainable, and 
abundant energy source is required.  Photovoltaic (PV) energy – the conversion of light 
into electricity – is one of the most promising alternative energy sources that can enhance 
global energy security while limiting the emission of carbon dioxide and other 
greenhouse gases.   
1.1.1 Solar Cell Operation 
The PV effect was first observed in 1839 by a French physicist, Alexandre-Edmond 
Becquerel, who noted a light-dependent voltage from electrodes immersed in an 
electrolyte [3].  In 1954, Bell Laboratories announced the first silicon-based p-n junction 
PV cell (also referred to as solar cell) with a conversion efficiency of ~6% [4].  Since 
then, a variety of semiconductor materials and cell structures have been studied.  The 
conversion of light into electricity in a solar cell involves two mechanisms:  (i) 
photogeneration of carriers in a light-absorbing material and (ii) collection of the light-
generated carriers.  The two processes are depicted in Figure 1.1.  Incident photons with 
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energy greater than the band gap of the material can be absorbed and create electron-hole 
pairs (EHPs).  Charge carrier separation can occur by two mechanisms:  drift of carriers 
due to an electric field and diffusion of carriers due to a density gradient.  The EHPs 
generated in the depletion region are swept across the p-n junction by the built-in electric 
field.  To contribute to the photocurrent, EHPs must be generated within a diffusion 
length of the junction to be able to diffuse to the junction before recombining.  
Recombination, which leads to current and voltage losses, can occur at the surface, at the 
heterointerfaces, and in the bulk of the solar cell.  Three types of recombination in the 
bulk exist:  (i) radiative recombination, which happens when an electron and hole 
recombine and emit a photon, (ii) Auger recombination, which involves three carriers, 
and (iii) Shockley-Read-Hall recombination, which is related to traps created by defects 





Figure 1.1: Band diagram of an illuminated solar cell showing photogeneration and 







 A solar cell can be electrically modeled by a diode equivalent circuit as shown in 
Figure 1.2(a).  The characteristic equation of a solar cell that relates the current density 
(J) and the voltage (V) is given by 
𝐽 =  𝐽𝐿 −  𝐽0 (𝑒
𝑞(𝑉+𝐽𝑟𝑠)




where JL is the photogenerated current density (A/cm
2
), J0 is the reverse saturation 
current density (A/cm
2
), rs is the specific series resistance (Ω·cm
2
), rsh is the specific 
shunt resistance (Ω·cm
2
), q is the elementary charge (C), n is the diode ideality factor, k 
is the Boltzmann constant (J/K
1
), and T is the temperature (K).  The series resistance 
includes the bulk resistance of the semiconductor, sheet resistance, and the resistance of 
the metal contacts.  The shunt resistance is due to defects in the depletion region and 
leakage current around the edges of the device. 
 The performance of a solar cell may be defined by its J-V characteristics in dark 
and illuminated conditions.  Figure 1.2(b) shows a typical J-V characteristic of a solar cell 
under illumination and the power density (P), defined as the product of J and V, as a 
function of applied voltage.  The conversion efficiency (η) of a solar cell is characterized 
by three parameters derived from the J-V characteristics under illumination:  the  
short-circuit current density (Jsc), the open-circuit voltage (Voc), and the fill factor (FF).  
The conversion efficiency of a solar cell is determined as the fraction of incident power 
that is converted to electricity and is defined as 
𝜂 =  








where Pinc is the incident optical power density.  Voc and Jsc represent the maximum 








Figure 1.2: (a) Equivalent electrical circuit of a solar cell and (b) P-V and J-V 




 Jsc is related to the generation rate and the collection probability of charge carriers 
and Voc is the voltage required to cause the light-generated current and the forward bias 
diffusion current to balance, leading to a zero net current.  The power density reaches its 
maximum absolute value, Pmax, at a point defined by the voltage value Vmp and the 
corresponding current density Jmp.  The FF is defined as the ratio between Pmax and the 
product of Voc and Jsc: 







1.1.2 Photovoltaic Technologies 
Another key metric to compare PV technologies is the price per watt as the ultimate goal 
of PV technologies is maximum power at minimum cost.  PV technologies are generally 
classified depending on the light-absorbing material.  Figure 1.3 depicts the cell 
efficiencies for a range of photovoltaic technologies.  Crystalline silicon (c-Si) is the most 
widely used technology because of its high conversion efficiency and reliable yield.  
However, bulk Si solar cells require thick absorbing layers that account for a significant 
part of the total cell cost.  Various thin-film technologies based on amorphous silicon  
(a-Si), cadmium telluride (CdTe), and copper indium gallium selenide (CIGS) have lower 
fabrication costs but are typically less efficient than conventional c-Si technology.  
Currently, the most efficient PV technology is based on III-V semiconductors such as 
gallium arsenide (GaAs) with multi-junction structures and light concentration.  Each 
subcell of a multi-junction solar cell harvests a different portion of the solar spectrum, 
thus improving the total conversion efficiency of the cell.  Despite their high efficiency, 





Figure 1.3: Record cell efficiencies from 1976 to the present for a range of photovoltaic technologies.  This plot is courtesy of the 




1.2 InGaN Alloys for Photovoltaic Applications 
1.2.1 Advantages of InGaN Alloys for Photovoltaic Applications 
As c-Si solar cells are now approaching their theoretical maximum efficiency, alternative 
materials for high-efficiency photovoltaics need to be investigated.  A promising 
candidate for high-efficiency solar cells is InGaN semiconductors [7, 8], which display a 
strong industrial manufacturing capability as well as highly-attractive inherent properties.   
1.2.1.1 Strong Industrial Capabilities 
Contrary to many emerging PV technologies, III-nitride solar cells are based on mature 
semiconductor technologies that are commercially used today.  According to a recent 
report [9], the GaN semiconductor devices market was valued at ~US$380 million in 
2012 and is expected to reach US$2 billion by 2019 as illustrated in Figure 1.4.  The 
major GaN semiconductor products are the power semiconductors and optoelectronic 
semiconductors with various applications in the military, defense, aerospace, and 
consumer electronics sector.  The development of GaN power devices such as Schottky 
diodes, field-effect transistors, and high-electron-mobility transistors is driven by the 
growing demand for high-speed, high-temperature, and power-handling capabilities.  On 
the other hand, the development of nitride optoelectronic devices such as light-emitting 
diodes (LEDs) and lasers is expected to expand due to the growing market for solid state 
lighting.  Thus, III-nitride solar cells benefit from the already-existing technological 








1.2.1.2 Suitable Material Properties 
In addition to the widely-available industrial manufacturing capability for III-nitride 
devices, InGaN alloys show unique inherent properties suitable for PV applications.  The 
major advantage of the InGaN material system is its tunable band gap over the alloy 
composition ranging from 0.65 to 3.42 eV [10] and thus, covering the entire visible solar 
spectrum as shown in Figure 1.5.  Because of this wide range of band gaps, InGaN alloys 
show considerable promise for high-efficiency multi-junction solar cells.  Several InGaN 
subcells with adjusted In content can be stacked to form a full-spectrum-response solar 
cell based on a single-material system [11].  Another multi-junction design consists of an 
InGaN/Si tandem solar cell, which would benefit from the mature and low-cost silicon 
technology.  Hsu et al. [12] proposed a two-junction solar cell comprised of an 
In0.46Ga0.54N subcell (1.8 eV) on top of an Si subcell (1.1 eV).  These band gaps are close 
to the most efficient combination predicted for two-junction solar cells [13].  In addition, 
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the conduction band of In0.46Ga0.54N is aligned with the valence band of Si so that the  
p-Si/n-In0.46Ga0.54N interface forms a low-resistance contact for the series connection of 
the two subcells [12].  An additional adequate property of InGaN alloys for PV 
applications is their high absorption coefficients (~10
5 cm
-1
) [14, 15].  Thus, only a few 
hundred nanometers of InGaN material are required to absorb most of the incident light, 
thereby relieving the cost constraint due to moderately expensive indium.  In contrast, 
several hundred microns of silicon are needed to absorb a large fraction of incident light 
[16].  Other suitable PV properties include a direct band gap over the entire alloy 
composition range, high carrier mobility [17], high drift velocity, and superior radiation 





Figure 1.5: Solar irradiance (left) and the corresponding In content (right) as a function 








1.2.2 Challenges of InGaN Photovoltaics 
Despite these suitable inherent properties for high-efficiency photovoltaics, InGaN alloys 
exhibit several challenges to such a goal.  Recent experimental studies on InGaN-based 
solar cells have demonstrated conversion efficiency of less than 4% for both InGaN/GaN 
heterostructures [19-21] and p-i-n homojunction devices [22, 23].  The conversion 
efficiency of InGaN-based solar cells is limited by material issues including p-type 
doping, polarization effects, and crystal quality.  
1.2.2.1 P-type Doping 
A major issue is p-type doping in nitride alloys.  Typical hole concentrations for p-type 
GaN and low-In-content InGaN are in the mid-10
18 cm
-3
 range [24, 25].  The growth of 
highly p-type layers remains challenging as a result of limited solubility of acceptors, 
large activation energy of acceptors, and compensation by native defects.  The solubility 
of magnesium (Mg), commonly used as a p-type dopant in III-nitrides, is limited by the 
formation of Mg3N2 [26] as illustrated in Figure 1.6.  The competition between the 
formation of this precipitate and the incorporation of Mg on a Ga/In substitutional site 
moderates the p-doping efficiency.  Recent efforts have partially overcome these 
thermodynamic limits by controlling the kinetics of Mg incorporation using a low 
substrate temperature and a specific growth procedure [27, 28].  These experimental 















 P-type doping in III-nitrides is also hindered by the high thermal activation 
energy of the Mg-acceptor.  Larger activation energy lowers the ionization efficiency of 
dopants, which leads to lower free carrier concentration.  Previous studies have reported 
Mg activation energy of 140-220 meV in GaN, which yields poor ionization efficiency of 
1-5% [31, 32].  The Mg-acceptor activation energy in p-InGaN is lower than that in  
p-GaN and decreases with increasing In composition [33, 34].  Another limitation to the 
development of reliable p-type layers arises from the formation of compensating native 
defects [26].  Such defects, commonly attributed to nitrogen vacancies associated with 
dislocations [35] or oxygen, hydrogen, and silicon impurities [36], act as donors that 
compensate acceptors.  As a result, undoped GaN and InGaN films usually display a high 
background donor concentration.  As the InN mole fraction increases, the residual 








 (InN) [37].  This high 
concentration of background donors decreases the p-doping efficiency.   
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1.2.2.2 Polarization Effects 
Other unique properties of III-nitrides that influence device performance are strong 
spontaneous and piezoelectric polarization effects [38].  Due to the non-centrosymmetry 
of their wurtzite structures and a large degree of ionicity between metal and nitrogen 
atoms, nitride semiconductors exhibit spontaneous polarization [39].  In addition, strained 
III-nitride materials display piezoelectric polarization.  Figure 1.7 depicts the wurtzite 
crystal structure, spontaneous polarization field (Psp), and piezoelectric polarization field 
(Ppz) in a III-polar InGaN layer.  At an abrupt heterojunction interface, the discontinuity 
in spontaneous and piezoelectric polarization generates interface charges that produce 
strong band bending.  In III-polar InGaN/GaN heterojunction solar cells, the polarization-





Figure 1.7: Wurtzite crystal structure, spontaneous polarization field (Psp), and 






1.2.2.3 Crystal Quality 
Another challenge to high-efficiency InGaN solar cells is the growth of thick,  
high-quality InGaN layers with high In content needed to absorb lower-energy photons.  
As a result of the miscibility gap between InN and GaN, In-rich InGaN films commonly 
display compositional fluctuation or complete phase separation as illustrated in Figure 1.8 
[43].  However, advances in growth technology using control of surface kinetics have 
demonstrated the growth of high-In-content InGaN throughout the miscibility gap 






Figure 1.8: (a) X-ray diffraction (XRD) data for In0.37Ga0.63N showing phase-separated 
InN [15] and (b) dark-field plan view transmission electron microscopy (TEM) image of 





 A critical issue to the development of high-quality III-nitride films is the lack of a 
native substrate because of the wurtzite crystal structure of nitride semiconductors.  The 
most widely used substrate for the growth of III-nitrides is sapphire.  Because of the large 
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thermal and lattice mismatch between sapphire and nitride semiconductors, epitaxial 
films grown on sapphire usually result in a high density of threading dislocations,  
V-shaped defects, and stacking faults as illustrated in Figure 1.9.  These crystalline 
defects can act as shunt pathways [47] that increase leakage current and non-radiative 
recombination centers [48] that degrade minority carrier lifetime.  The high dislocation 
density can be moderated by growing a thick GaN buffer that will eliminate many defects 
[49].  This method allows for the growth of thin, low-In-content InGaN layers that are 
completely strained to the thick GaN buffer.  However, the growth of InGaN films on 
GaN beyond a critical thickness will result in strain relaxation, creating more 
recombination centers.  The critical thickness becomes smaller as the In composition 
increases due to larger lattice mismatch between GaN and InGaN.  According to the 
energy balance model, the calculated critical thickness for In content higher than 30% is 
less than 2 nm [50], significantly limiting the absorption of light and thus, the 
performance of heterojunction solar cells.  However, as the In fraction exceeds ~60%, 
InGaN films exhibit a significant improvement in the crystalline quality and optical 










(a) (b) (c) 
Figure 1.9: (a) Cross-section TEM image of GaN film grown on sapphire displaying 
threading dislocations [52], (b) planar scanning electron microscopy (SEM) view,  
cross-section TEM image, and schematic structure of a V-defect [53], and (c) cross-
section TEM image of In0.22Ga0.78N in which stacking faults appear as horizontal lines 




 The high density of recombination centers in InGaN drastically reduces the carrier 
diffusion length, which is a critical parameter for solar-cell performance.  Indeed, only 
the electron-hole pairs generated within a diffusion length from the depletion region are 
collected.  The carriers generated in greater distances from the junction will recombine, 
causing the collection efficiency to drop.  While the diffusion length of GaAs is within 
the range 10-50 µm [54], that of III-nitrides is typically 0.2-0.3 µm [55, 56].  Unlike 
conventional solar cells that rely on the diffusion process for the collection of minority 
carriers, InGaN solar cells must rely on a drift process by means of built-in fields to 
efficiently separate minority carriers.  Such drift fields can be extended by inserting an 
intrinsic InGaN layer between the n- and p-type layers, forming a p-i-n junction [57].  
The intrinsic layer sandwiched between the n- and p-doped layers serves as an absorbing 
layer.  The photogenerated EHPs are separated and collected by the drift process enabled 
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by the built-in field across the intrinsic layer.  The collection of photogenerated carriers 
greatly depends on the profile and the intensity of the internal electric field.  Therefore, 
the thickness of the intrinsic layer is a critical parameter.  The optimal thickness must 
account for the tradeoff between light absorption, which is higher in thicker layers, and 
carrier collection, which is higher in thinner layers.  While intrinsic InGaN layers are 
essential for drift devices, the growth of such films is difficult since undoped-InGaN 
films commonly exhibits n-type conductivity resulting from a high residual donor 
concentration.  This high concentration of background donors negatively affects the 
width of the depletion region. 
 Due to these challenges, the full potential of InGaN alloys for solar cell 
applications requires significant progress in the areas of crystal structure, impurity 
doping, formation of defects, heteroepitaxial growth, and the formation of homojunction 
and heterojunction structures.   
1.3 Molecular Beam Epitaxy of InGaN Alloys 
1.3.1 Molecular Beam Epitaxy 
Growth of high-quality III-nitrides epitaxial layers has been achieved by a variety of 
methods.  The most widely used techniques are metalorganic chemical vapor deposition 
(MOCVD) and molecular beam epitaxy (MBE).  MOCVD uses metalorganic gases (e.g., 
tri-methyl Ga, In, and Al) as group-III precursors and ammonia (NH3) to supply active N.  
The constituent chemicals dissociate and chemically react at the substrate surface to grow 
the epitaxial film.  The pyrolysis of these reactants requires an extremely high substrate 
temperature (900-1,100°C for GaN and 550-650°C for InN). 
 
19 
 Unlike MOCVD that uses chemical reaction for crystal growth, MBE uses 
physical deposition to form an epitaxial film.  In MBE, thermal beams of atoms or 
molecules collide on the surface of a crystalline substrate under ultra-high vacuum 
conditions (typically <10
-9
 torr).  Figure 1.10 depicts a typical MBE system.  Each  
group-III metal source and dopant material is introduced through an effusion cell where 
solid material is placed in a crucible surrounded by a heating filament and heated until 
the material sublimates.  Two nitrogen sources can be employed:  NH3, which is 
decomposed on the substrate surface by pyrolysis and molecular nitrogen (N2), which is 
activated by radio-frequency (RF) plasma.  MBE allows for the growth of epitaxial film 
with high purity and excellent crystal quality at relatively low temperatures (typically 
600-750°C for GaN and 350-550°C for InN).  Shutters placed in front of the sources 
permit a precise control of the epitaxial growth surface enabling abrupt interfaces 









 The extremely-low pressure used in MBE enables the real-time study of the 
surface, interface, and bulk properties using in-situ characterization techniques such as 
residual-gas analysis (RGA) and reflection high-energy electron diffraction (RHEED).  
RGA is a mass spectrometer typically used for vacuum leak check, contamination 
monitoring, and desorption mass spectroscopy to study surface kinetics.  RHEED 
consists of a collimated electron beam produced by a RHEED gun and directed at a 
glancing angle towards the substrate surface, which diffracts the electrons.  The resulting 
diffraction pattern, which depends on the crystalline structure of the surface, is formed on 
a fluorescent screen.  RHEED is suited for real-time monitoring of thin-film deposition 
since none of the equipment intrudes into the experimental growth region.  Because of 
electron scattering by matter, the electron-beam penetration depth is limited to a few 
atomic layers making RHEED a surface sensitive technique [59, 60].  RHEED is usually 
used to study thermal desorption of oxides prior to growth, to control the initial stages of 
epitaxial growth, to study surface reconstruction, and to examine surface topography. 
 The RHEED pattern observed on the screen can be derived from the reciprocal 
lattice structure in the approximation of limited penetration [59].  The RHEED pattern 
from a smooth single-crystalline surface is expected to display long streaks running 
perpendicular to the surface of the crystal, which is consistent with a two-dimensional 
(2D) diffraction.  On the other hand, the RHEED pattern from a rough surface is expected 
to be spotty, since the penetration of electrons through surface asperities results in a  
three-dimensional diffraction (3D) [60].  RHEED is also used to study reconstruction of 
surface to different configurations in order to lower its free energy.  Since surface 
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reconstruction leads to a lower symmetry than that of the bulk crystal, extra diffraction 
lines are observed in the RHEED pattern. 
 In addition to qualitative analyses of the surface via the diffraction patterns, 
RHEED can also provide quantitative measures such as surface composition and growth 
rate.  Figure 1.11 illustrates the correlation between surface coverage and RHEED 
intensity in the two-dimensional growth of thin films.  The time dependence of the 
diffraction-pattern intensity can be used to extract the growth rate in real time.  
Oscillations of the RHEED intensity (RHEED transients) are associated with constructive 
and destructive interference by electrons scattered from adjacent terraces on the surface 




Figure 1.11: Schematic diagram of the correlation of surface coverage and RHEED 
oscillations in 2D growth [63].   
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1.3.2 MBE Growth Regimes of InGaN Alloys 
The epitaxial growth of InGaN over the entire composition range faces many challenges 
such as (i) the lack of appropriate substrates, which leads to dislocation formation [64], 
(ii) the control of In incorporation, which depends on the growth chemistry and 
temperature [65], and (iii) the miscibility gap between InN and GaN, which results in 
phase separation [15].  Since InN has a low dissociation temperature, the preferred 
growth technique for InN and In-rich InGaN growth is MBE.  For the growth of InGaN 
epilayers by MBE, a precise control and optimization of the III/N ratio and the growth 
temperature is required to obtain single-phase, high-quality InGaN films.  The growth of 
InGaN by MBE follows the growth diagram depicted in Figure 1.12.  The diagram 
reveals three growth regimes:  nitrogen-rich (N-rich), metal-rich (M-rich), and 
intermediate M-rich [66-68].  The growth modes depend on the growth temperature and 
the impinging metal flux.  The boundaries between the growth regimes are defined by In 





Figure 1.12: InGaN MBE growth diagram revealing three growth regimes as a function 
of growth temperature and impinging metal flux [66]. 
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 The growth of single-phase InGaN by MBE has been previously reported using 
various approaches [66, 69-71].  M-rich growth favors a 2D growth mode, which 
promotes smoother surfaces as depicted in Figure 1.13(a) but results in compositional 
alloy fluctuations and metal droplets as illustrated in Figure 1.14(a) and (b), respectively 
[69, 70].  On the other hand, N-rich growth leads to more uniform InGaN alloys 
(Figure 1.14(a)) but reduces surface adatom mobility, resulting in 3D growth mode and 
grain-like morphology as shown in Figure 1.13(b) [66, 70, 71].  Intermediate M-rich 
growth typically results in high density of surface pits due to an incomplete metal adlayer 
formation as demonstrated in Figure 1.13(c) [66, 67, 72].  The structural and optical 
properties of InGaN films also strongly depend on growth temperature [73].  An 
optimized growth temperature must account for a tradeoff between enhanced 
compositional homogeneity and In incorporation at low temperatures and improved 
surface morphology and threading dislocation density at high temperatures.   
 In order to take advantage of both M-rich and N-rich conditions, several 
modulated growth methods have been studied [74, 75].  Metal-modulated epitaxy (MME) 
is a modified form of MBE in which the metal shutters are modulated with a fixed duty 
cycle while a constant nitrogen flux is maintained.  MME alternates between N-rich and 
M-rich growth regimes by employing a M-rich group-III flux, but periodically opening 
and closing the metal shutters.  A metal adlayer builds up while the metal shutters are 
open and is consumed into the film while the metal shutters are closed.  This modulated 
technique has enabled the growth of single-phase InGaN epilayers throughout the 
miscibility gap [44, 45] with an improvement in the structural and optical quality for In 
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content higher than 60% [51].  However, the moderate-In-content films (22-46% InGaN) 









Figure 1.13: AFM image of an InGaN surface grown under (a) M-rich conditions 
showing a 2D growth mode [71], (b) N-rich conditions showing a 3D growth mode [71], 







 (a) (b) 
Figure 1.14: (a) 2θ-ω scans of InGaN films grown under M-rich conditions showing 
additional peak indicating phase separation and N-rich conditions showing no phase 
separation [71].  (b) SEM image of an InGaN surface grown under M-rich conditions 




1.4 Objectives and Scope of the Dissertation 
Despite the tremendous potential of InGaN alloys for PV applications, major progress 
needs to be achieved to overcome challenges related to practical implementation.  The 
objective of the proposed research is to realize advances in design optimization and 
growth technology for high-efficiency InGaN-based PV.  To evaluate the viability of 
InGaN alloys for PV applications, research in the areas of simulation, growth, and 
fabrication of InGaN-based solar cells has been conducted.  The research objectives and 
accomplishments presented in this dissertation are described in detail in the following 
chapters.   
 Chapter 2 presents numerical simulations of InGaN p-i-n single-junction solar 
cells to provide guidelines for performance improvement through optimization of device 
structures given achievable material characteristics.  The performance of both 
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InGaN/GaN heterojunction devices that are presently achievable and InGaN 
homojunction solar cells that should be feasible in the future are investigated.  
 Chapter 3 discusses the growth of single-phase InGaN films over the entire 
composition range by plasma-assisted MBE.  High-quality single-phase InGaN films are 
needed as absorbing layers to produce photogenerated carriers.  The surface morphology, 
microstructural, and optical properties of these films grown under low growth 
temperatures and slightly N-rich growth conditions are analyzed.  
 Chapter 4 examines the growth of doped III-nitride films that are required to 
separate and collect the photogenerated carriers.  The MME-growth conditions and 
properties of n- and p-type GaN layers are presented to provide calibration for subsequent 
fabricated cells.  The growth of p-InGaN films, required for homojunction structures, is 
investigated by N-rich MBE and MME.   
 Chapter 5 reviews various aspects needed for the fabrication of InGaN-based 
solar cells.  A device processing sequence and a designed mask layout are presented.  
Metal contacts for both n- and p-type layers and optimization of the metallization grid 
pattern are also discussed. 
 Chapter 6 analyzes the growth, fabrication, and testing of InGaN/GaN  
double-heterojunction solar cells that employ the improved growth technology and the 
developed fabrication process.   
 Chapter 7 describes a hybrid MBE technique for thick InGaN layers.  This novel 
growth method provides a pathway for homojunction cells that are identified by 
simulation and experimental results as the only viable structure for high-efficiency 
InGaN-based photovoltaics.   
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 Chapter 8 investigates an advanced InGaN solar cell design based on InGaN 
quantum dots. Two methods to form InGaN quantum dots are described: ex-situ 
formation by electron-beam lithography and in-situ MBE growth.  An attempt at InGaN 
quantum-dot intermediate-band solar cells was made.   
 Chapter 9 summarizes the work presented in this dissertation and presents 
recommendations for future work. 
Included in this dissertation are five appendices.  In Appendix A, the theory of  
X-ray diffraction of InGaN alloys is described.  A fabrication process flow including the 
apparatus, the processing recipes, and the process flow, is given in Appendix B.  
Appendix C details the equations used to calculate and optimize the finger spacing for the 
top metallization pattern.  Finally, the characteristics and performance of InGaN/GaN 
double-heterojunction solar cells reported in the literature are listed in Appendix D.  
Appendix E provides a MATLAB script required to control the source shutters 




CHAPTER 2  
SIMULATIONS OF InGaN-BASED SOLAR CELLS 
While previous simulations have already investigated the PV characteristics of  
InGaN-based p-i-n solar cells, few studies focused on optimizing the structure design.  
Chang et al. [41] demonstrated that appropriate band-engineered InGaN p-i-n solar-cell 
structures can efficiently moderate the detrimental polarization effects and achieve a 
conversion efficiency of ~14%.  This study also investigated the influence of In 
composition on the device performance, but did not consider other material and structure 
parameters.  Feng et al. [77] conducted numerical simulations to determine the effects of 
In content, thickness, and defect density of the intrinsic InGaN layer on the performance 
of homojunction solar cells.  However, these simulations omitted major material 
limitations and growth issues such as appropriate p-type doping, background doping, and 
growth of thick InGaN.  For this reason, the optimized structure proposed in [77] and 
exhibiting a conversion efficiency of 23% is not currently achievable.  In the present 
work, the effect of In content, thickness, and background donor concentration of the 
InGaN absorbing layer on the performance of InGaN-based p-i-n solar cells are 
investigated.  To improve the performance of InGaN-based solar cells, modified 
structures with suitable band engineering are also presented.  These numerical 
simulations aim to provide guidelines for optimizing device design given specific 





2.1 Simulation Parameters 
In this study, the performance of p-i-n solar cells are investigated with the finite element 
analysis software APSYS [78].  The electrical and optical properties of GaN and InN 
used in the simulations are listed in Table 2.1.  The references for the parameters can be 
found elsewhere [79].  The unstrained band gap of InGaN is expressed by 
𝐸𝑔(𝐼𝑛𝑥𝐺𝑎1−𝑥𝑁) =  𝐸𝑔,𝐼𝑛𝑁 𝑥 + 𝐸𝑔,𝐺𝑎𝑁(1 − 𝑥) − 𝑏 𝑥(1 − 𝑥), (2.1) 
where Eg, InN = 0.65 eV and Eg, GaN = 3.42 eV are the band gap energies of InN and GaN, 
respectively and b = 1.43 eV is the bowing parameter for InxGa1-xN [80].  The electron 
and hole mobilities, μe and μh, respectively, are calculated using the Caughey-Thomas 
approximation [81] and can be expressed as  
𝜇𝑒,ℎ = 𝜇𝑚𝑖𝑛 +





𝛾 , (2.2) 
where N is the doping concentration and μmin, μmax, and γ are parameters specific to a 
given semiconductor [81].  The alloy mobility is calculated using a linear interpolation 
between the GaN and InN values.  This approach does not take into account the influence 
of alloy disorder scattering, which reduces electron and hole mobilities.  Minority carrier 
lifetimes of 5.4 ns and 6.5 ns have been measured in GaN and InN, respectively [82, 83].  
However, InxGa1-xN alloys are expected to have lower lifetimes due to inferior crystal 
quality.  Thus, a conservative 1 ns minority carrier lifetime is used over the entire  
InxGa1-xN composition.  Shockley-Read-Hall and Auger recombination are included.  A 




/s is used for electrons and holes [84].  The 
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simulations also account for surface recombination losses at various heterointerfaces.  
According to experimental measurements [85-87], a front surface recombination velocity 
of 10
4
 cm/s is used.  The bottom and top contacts are assumed to be ohmic and the 
electrode coverage is 5%.  The absorption coefficient for each layer can be calculated by 
𝛼(𝐸) = 105 × √𝑎(𝐸 − 𝐸𝑔) + 𝑏(𝐸 − 𝐸𝑔)
2
, (2.3) 
where E is the incoming photon energy and a and b are fitting parameters from 




Table 2.1: Parameters of GaN and InN used in the simulations. 
 
Parameter GaN InN 
Band gap Eg (eV) 3.42 0.65 
Dielectric constant εs/ε0 8.9 10.5 
Electron mass me/m0 0.2 0.05 
Hole mass mh/m0 1.25 0.6 
Electron affinity Ea (eV) 4 5.6 
Electron lifetime τe (ns) 1 1 
Hole lifetime τh (ns) 1 1 
μmin, e (cm
2
/V·s) 55 30 
μmax, e (cm
2
/V·s) 1000 1100 









/V·s) 3 3 
μmax, h (cm
2
/V·s) 170 340 









 Table 2.2 lists the fitting parameters used for the InGaN layers with various In 
compositions.  In addition, the devices are under a one-sun AM1.5 illumination.  Front 
surface reflection and light trapping effects are not included.  Finally, the nonlinear 
equations developed by Fiorentini et al. [89] are used to determine the spontaneous and 
piezoelectric polarization.  Previous experimental studies indicate lower polarization 
charge density than theoretically predicted [90, 91].  The difference between the 
theoretical and experimental values is attributed to partial compensation of the 
polarization by free carriers, fixed doping charges [92], and In segregation [93].  To 
account for these screening effects, the theoretical polarization is scaled by a factor of 0.4 




Table 2.2: Fitting parameters used to calculate the absorption coefficients. 
 
In composition a b 
0 3.52517 -0.657999 
0.25 2.02095 -0.094817 
0.50 0.51672 0.468365 
0.75 0.61831 0.677523 




 Conventional InGaN-based solar cells consist of a p-i-n double GaN 
heterojunction design [19-21].  This structure possesses an intrinsic InGaN absorbing 
layer inserted between p- and n-type GaN layers.  Previous numerical simulations 
demonstrated that polarization effects arising from the presence of heterointerfaces have 
a detrimental impact on the performance of the conventional III-polar n-GaN/i-InGaN/ 
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p-GaN solar cell [40, 41, 94].  The conversion efficiency drops because of two main 
factors.  First, polarization charges create an electric field in the opposite direction to that 
of the built-in field, which is required for carrier drift.  This polarization-induced field 
strongly affects band bending in the depletion region.  The total electric field decreases, 
thereby reducing carrier collection efficiency.  Second, polarization discontinuity creates 
potential barriers at the heterointerfaces, impeding carrier collection.  For  
high-In-composition InGaN layers that are needed for longer wavelength absorption, the 
conversion efficiency dramatically declines as a result of polarization effects.  For these 
reasons, the present study focuses on asymmetric InGaN/GaN heterojunction and InGaN 
homojunction devices.   
2.2 Simulation Results and Discussion 
2.2.1 InGaN/GaN Heterojunction Structure 
To address this polarization issue, we investigate the photovoltaic characteristics of 
asymmetric heterojunction designs based on an n-GaN/i-InxGa1-xN/p-In0.25Ga0.75N 
structure.  The p-GaN layer in the conventional double GaN heterostructure has been 
replaced by a p-In0.25Ga0.75N layer that moderates the polarization effects.  In addition,  
p-InGaN exhibits several advantages over p-GaN including lower Mg activation energy 
[33] and lower etching damage resulting in lower contact resistance [34].  While p-type 
InGaN layers with In composition as high as 35% have been previously reported [33], 
In0.25Ga0.75N was selected as the highest In composition that can consistently be doped  
p-type.  Figure 2.1 depicts the 100 μm-wide p-i-n structure, which comprises a 1 μm-
thick n-GaN layer, an unintentionally-doped (UID) InxGa1-xN layer, and a 50 nm-thick  
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p-In0.25Ga0.75N top layer.  The thickness of the p-doped layer is limited to 50 nm to 
maximize absorption in the intrinsic region.  The electron and hole concentrations in the 








, respectively.  Similar 
hole concentrations in Mg-doped In0.25Ga0.75N have already been experimentally 
achieved [33].  Thus, such devices are presently realizable using  




Figure 2.1: Schematic structure of an n-GaN/UID-InxGa1-xN/p-In0.25Ga0.75 




 Figure 2.2 shows the energy-band diagrams and the corresponding J-V curves for 
an n-GaN/UID-In0.25Ga0.75N/p-In0.25Ga0.75N solar cell structure with various UID-InGaN 
thicknesses and residual donor concentrations.  As expected, no potential barriers are 






Figure 2.2: (a), (c), (e), (g) Energy-band diagrams at equilibrium for an  
n-GaN/UID-In0.25Ga0.75N/p-In0.25Ga0.75N structure with various UID-InGaN thicknesses:  
10 nm, 50 nm, 100 nm, and 500 nm, respectively.  (b), (d), (f), (h) Corresponding J-V 
characteristics under AM1.5 illumination.  The depletion width is affected by the 






polarization-induced charges still remains at the n-GaN/UID-InGaN heterointerface.  The 
depletion width is affected by the thickness and the doping of the UID-layer.  As the 
thickness of the UID-InGaN layer increases, the depletion region widens.  For a 10 nm 
InGaN layer (Figure 2.2(a)-(b)), the background doping has a negligible impact on the 
band diagram and the J-V curve.  However, for thicker UID-InGaN films  
(Figure 2.2(c)-(h)), the depletion region narrows as the background donor concentration 
increases.   
 Figure 2.3 shows the short-circuit current density (Jsc), the open-circuit voltage 
(Voc), and the conversion efficiency (η) as a function of the thickness of the UID-InGaN 
layer with various residual donor concentrations.  Jsc increases as the thickness increases, 
but decreases as the residual donor concentration increases.  As the thickness of the  
UID-InGaN layer increases, the UID-InGaN layer can absorb more photons, resulting in 
increased photogenerated current.  However, as the residual donor concentration 
increases, the collection efficiency drops due to narrower depletion width, leading to 
reduced photogenerated current.  Contrary to Jsc, Voc slightly decreases as the thickness 
increases, but it rises as the residual donor concentration increases.  Voc can be expressed 
as 






+ 1), (2.4) 
where q is the elementary charge, k is the Boltzmann constant, n is the ideality factor, and 
J0 is the saturation current.  For a p-i-n solar cell, the Sah-Noyce-Shockley approximation 
is valid [77, 95] and J0 can be expressed as 
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where ni is the intrinsic carrier concentration, τe and τh are the electrons and holes 
lifetimes, respectively, and W is the width of the depletion region.  Higher background 
doping in the UID-layer leads to narrower depletion width, and thus, smaller saturation 
current.  As a result, Voc increases in cells with higher background donor concentration.  
On the other hand, Voc decreases in thicker cells due to larger saturation current density 
J0.   
 The conversion efficiency η represents the combined effects of Jsc and Voc.  The 
efficiency improves as the thickness of the UID-InGaN layer increases.  This 
enhancement in efficiency mainly results from the increase in Jsc because of the weaker 
influence of thickness on Voc.  Since doping only slightly influences Jsc at lower 
background donor concentrations, the efficiency demonstrates no significant variation for 













 slightly improves the performance of the solar cell due to improvement in Voc 





 for thicknesses higher than 200 nm due to decreased 
collection efficiency.  Because of the relatively high band gap of In0.25Ga0.75N (2.46 eV), 
the conversion efficiency of n-GaN/UID-In0.25Ga0.75N/p-In0.25Ga0.75N devices is limited 
to 9.7%.  To improve the conversion efficiency, InGaN absorbing layers with higher In 









Figure 2.3: (a) Short-circuit current density Jsc, (b) open-circuit voltage Voc, and (c) 
conversion efficiency η as a function of the UID-layer thickness for an  









 To determine the effect of the composition on the performance of n-GaN/ 
UID-InxGa1-xN/p-In0.25Ga0.75N solar cells, In mole fractions ranging from 25% to 75% of 
the UID-InxGa1-xN layer are considered.  In this study, the In composition of the p-type 
layer remains 25% since the growth of p-doped InGaN with higher In fraction is 
presently extremely challenging.  The thickness and the residual donor concentration of 




, respectively.  These values were selected 
from the previous section as the currently achievable metrics yielding maximum 
efficiency.  Figure 2.4 shows the conversion efficiency as a function of the In 
composition.  Efficiency initially increases due to increased photocurrent resulting from 
the reduced band gap of the InGaN absorbing layer, as shown by the band diagrams in 
Figure 2.5(a) for three cells with various In composition of the UID-layer:  25%, 50%, 
and 75% In.  Figure 2.5(b) displays the optical generation rate for the structures with 
various In compositions of the UID-layer.   
 The generation rate is significantly enhanced in InGaN layers with larger In 
contents, leading to higher photocurrent and, thus, greater conversion efficiency.  
However, for In compositions higher than 30%, the efficiency decreases because of two 
polarization effects [40, 96].  First, the polarization discontinuity creates a potential 
barrier at the GaN/InGaN heterointerface as illustrated in Figure 2.5(a).  As the In 
composition increases, this polarization-induced potential barrier becomes more 
prominent (Figure 2.5(a) inset).  The barrier height in the conduction band between the  
n-GaN and the UID-InxGa1-xN layers increases from 0.48 eV for x = 25%, 0.98 eV for  
x = 50%, to 2.33 eV for x = 75%.  Second, the polarization-induced field that opposes 




Figure 2.4: Conversion efficiency η of an n-GaN/UID-InxGa1-xN/p-In0.25Ga0.75N 
structure as a function of the In composition (i.e. band gap) in the UID-InGaN layer.  The 







Figure 2.5: (a) Band diagrams at equilibrium and (b) optical carrier generation rates for 
an n-GaN/UID-InxGa1-xN/p-In0.25Ga0.75N structure with various In compositions in the 
UID-layer.  While the generation rate is enhanced for InGaN layers with higher In 
content, the polarization effects hinder the collection of photogenerated carriers.  The 







 The impact of these polarization effects on the J-V curves of the cells for In 
compositions ranging from of 30% to 45% is shown in Figure 2.6.  The knee in the J-V 
curves, observed for In compositions of 35% and 40%, results from the abrupt drop in the 
current density as the forward bias increases due to reduction in the total electric field in 
the UID-InGaN layer.  As the applied voltage increases, the energy band of the InGaN 
layer flattens, therefore hindering carrier separation and enhancing recombination in the 
InGaN layer.  For an In composition of 40%, the conversion efficiency dramatically 
reduces to 2%.  The device stops operating as a solar cell above an In composition of 
45%.  The conversion efficiency of the modeled InGaN/GaN heterojunction solar cell is 
limited to 11.3% for a UID-InGaN layer with an In fraction of 30%.  While such cells 
would be suitable as subcells in multi-junction solar cells, particularly for 4- or more-





Figure 2.6: J-V characteristics under AM1.5 illumination for an  
n-GaN/UID-InxGa1-xN/p-In0.25Ga0.75N structure with various In composition in the UID-
layer.  The polarization-induced electric field produces a knee in the J-V curve for In 
compositions of 35% and 40%.  Above an In composition of 45%, the device stops 
operating as a solar cell. 
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 In summary, the n-GaN/i-InxGa1-xN/p-In0.25Ga0.75N solar-cell structure mitigates 
the influence of polarization charges and potential barriers for solar cells with low In 
compositions.  However, for solar cells with high In compositions that are needed for 
longer wavelength absorption, polarization effects drastically degrade the photovoltaic 
performance.   
2.2.2 InGaN p-i-n Homojunction Structure  
To further mitigate the polarization effects, we study the photovoltaic performance of an 
InGaN p-i-n homojunction structure.  Figure 2.7 displays the schematic structure of the  
n-InxGa1-xN/UID-InxGa1-xN/p-InxGa1-xN cell used for simulations.  In this design, an  
n-InxGa1-xN/UID-InxGa1-xN homointerface replaces the n-GaN/UID-InxGa1-xN 
heterointerface in the previous structure.  The In composition throughout the cell is 
constant.  The thicknesses and the doping concentrations of the n- and p-type InGaN 
layers are identical to those of the previous structure.  In contrast to the previous design, 
such devices are presently challenging to fabricate.  While InGaN p-i-n homojunction 
solar cells with In composition up to 20% have been previously demonstrated [23], the 
fabrication of p-i-n solar cells with higher In content requires further improvements in 
InGaN material.  Major issues include p-doping at high In composition and growth of 






Figure 2.7: Schematic structure of an n-InxGa1-xN/UID-InxGa1-xN/p-InxGa1-xN 




 Figure 2.8 shows the energy-band diagrams and the J-V characteristics for an 
In0.25Ga0.75N homojunction solar cell with various thicknesses and background donor 
concentrations of the UID-In0.25Ga0.75N layer.  As expected, all polarization-induced 
barriers that hinder carrier collection have been eliminated.  The depletion width displays 
strong dependence on the thickness and the doping of the UID-layer.  Similar to the effect 
of doping on the band diagram of the heterojunction structure, higher background donor 
concentration leads to narrower depletion regions.   
 Figure 2.9 shows the short-circuit current density Jsc of 25%, 50%, and 70% 
InGaN p-i-n homojunction solar cells.  Jsc greatly depends on the In composition, the 
thickness, and doping of the UID-layer.  The short-circuit current density of a 
homojunction solar cell exhibits similar trends compared to that of a heterojunction 






Figure 2.8: (a), (c), (e), (g) Energy-band diagrams at equilibrium for an  
n-In0.25Ga0.75N/UID-In0.25Ga0.75N/p-In0.25Ga0.75N structure with various UID-InGaN 
thicknesses:  10 nm, 50 nm, 100 nm, and 500 nm, respectively.  (b), (d), (f), (h) 












Figure 2.9: Short-circuit current density Jsc as a function of the UID-layer thickness for 
an n-InxGa1-xN/UID-InxGa1-xN/p-InxGa1-xN solar cell with various In compositions and 
concentrations of background donors.  Jsc increases for cells with larger thickness and 
higher In content because of enhanced light absorption, but decreases for cells with 










influences Jsc for both device structures.  Jsc reduces in cells with higher residual donor 
concentrations due to degraded collection efficiency.  On the other hand, Jsc increases in 
thicker cells due to improved light absorption.  Jsc also improves for solar cells with 
higher In composition due to lower band gap.   
 Figure 2.10(a) illustrates the decrease in band gap of InGaN as the In content 
increases.  Smaller band gaps allow enhanced absorption resulting in increased carrier 








Figure 2.10: (a) Band diagrams at equilibrium and (b) optical carrier generation rate 
under AM1.5 illumination for an n-InxGa1-xN/UID-InxGa1-xN/p-InxGa1-xN structure with 







 Figure 2.11 displays the open-circuit voltage Voc as a function of the thickness of 
the UID-InGaN layer with various In contents and background donor concentrations.  
Simulation results demonstrate that Voc strongly depends on the background doping and 
the In composition, but only slightly on the UID-layer thickness.  Dependences on 
background doping and thickness are similar to those for the previous structure.  Since 
the band gap represents an upper limit to the open-circuit voltage (neglecting Auger 
effects), Voc decreases as the In content increases.   
 Figure 2.12(a)-(c) show the conversion efficiency η as a function of the UID-layer 
thickness for 25%, 50%, and 70% InGaN solar cells with various background donor 
concentrations.  Similar to Jsc, the efficiency increases as the thickness increases for 




.  The UID-layer doping only 
slightly affect the conversion efficiency for thin layers.  However, moderate doping is 
beneficial to efficiency for thicker layers.  This improvement in efficiency is mainly due 
to the increase in Voc with increasing background doping and this effect is enhanced for 









Figure 2.11: Open-circuit voltage Voc as a function of the UID-layer thickness for an  
n-InxGa1-xN/UID-InxGa1-xN/p-InxGa1-xN solar cell with various In compositions and 
concentrations of background donors.  Voc decreases for cells with higher In content due 
to reduced band gap, but increases for cells with higher background doping due to 













Figure 2.12: Conversion efficiency η as a function of the UID-layer thickness for  
(a) In0.25Ga0.75N (b) In0.50Ga0.50N (c) In0.70Ga0.30N p-i-n homojunction solar cells with 
various concentrations of background donors.  The conversion efficiency accounts for the 











 drastically degrades the 
performance of 25% and 50% InGaN solar cells due to reduced Jsc, such a high doping 
slightly improves the performance of a 70% InGaN solar cell due to increased Voc.  As 
the In content increases from 25% to 50%, η improves similar to Jsc.  On the other hand, 
η decreases as the In content increases from 50% to 70%.  Therefore, a finer investigation 
of the influence of composition is required to determine the optimal efficiency for an 
InGaN single homojunction device.   
 Figure 2.13(a)-(c) show the influence of composition and background doping on 
Jsc, Voc, and η, respectively.  These simulations do not include In content higher than 70% 
since polarization effects at these high In compositions create a surface inversion layer 
that induces lateral collection.  The thickness of the UID-InGaN layer is set to 500 nm.  
As the In mole fraction increases, Jsc increases due to improved light absorption but Voc 
decreases due to band gap reduction.  These opposite trends lead to an optimum band gap 
for highest efficiency.  For all background doping in the UID-layer, the maximum 
efficiency is within the range 14%-18% and occurs in the range 1.4  eV to 1.6 eV (i.e. 53-
60% In) as predicted for a single-junction device [5, 95].   
 As the residual donor concentration increases, Jsc decreases but Voc increases due 
to reduced depletion volumes.  The optimal background doping, which accounts for the 




.  Furthermore, as the background doping 









 as illustrated in Figure 2.14.  This change can be 
attributed to the opposite trends of Jsc and Voc with both In composition and background 






Figure 2.13: (a) Short-circuit current density Jsc, (b) open-circuit voltage Voc, and (c) 
conversion efficiency η as a function of the In composition (i.e. band gap) for an  
n-InxGa1-xN/UID-InxGa1-xN/p-InxGa1-xN structure with various residual donor 




 The combination of these opposite trends displaces the optimal efficiency towards 
higher In compositions (i.e., lower band gaps) as the background doping increases.  The 
optimized structure consists of an InGaN p-i-n homojunction solar cell with an In 
composition of 55% (i.e.  1.54 eV), a UID-InGaN layer thickness of 500 nm, and a 




.  This homojunction with optimal parameter 
leads to a maximum conversion efficiency of ~17%, which is significantly lower than the 
theoretical maximum efficiency for a single-junction [98].   
 This efficiency is limited by presently achievable values of surface recombination 
velocity (10
4
 cm/s) and minority carrier lifetime (1 ns).  Figure 2.15 shows the conversion 
efficiency for identical InGaN p-i-n homojunction devices with various surface 
recombination velocity and various minority carrier lifetimes.  Indeed, for an identical 
InGaN p-i-n homojunction device with unrealistic values of surface recombination 
velocity (10 cm/s) and minority carrier lifetime (1 µs), the conversion efficiency rises to 
25.3% [99], which is closer to the ultimate efficiency.  The simulation results 
demonstrate that the homojunction structure is the only practical design for  
high-efficiency single-junction InGaN solar cells.  However, achieving high conversion 
efficiency still requires further improvements in material quality and surface passivation.  
Compared to present limits, a tenfold increase in both surface recombination velocity and 




Figure 2.14: (a) Maximum conversion efficiency and (b) optimal In composition and 
band gap as a function of background doping in the UID-InGaN layer for an  
n-InxGa1-xN/UID-InxGa1-xN/p-InxGa1-xN structure.  As the background doping increases, 







Figure 2.15: Conversion efficiency as a function of surface recombination velocity for 








In summary, we numerically investigated the photovoltaic performance of InGaN p-i-n 
solar cells.  Simulation results show that band diagram, short-circuit current density, 
open-circuit voltage, and conversion efficiency strongly depend on the In content, the 
thickness, and the background doping of the unintentionally-doped layer for both 
heterojunction and homojunction structures.  Because of enhanced light absorption, Jsc 
increases for cells with larger thicknesses and higher In compositions.  However, as 
doping increases, the depletion region narrows, leading to poor collection efficiency and 
thus, reduced Jsc.  Voc increases for cells with higher background donor concentrations 
due to reduced depletion volumes, but decreases for cells with higher In compositions 
due to band gap reduction.  In addition, Voc depends only slightly on the thickness of the 
UID-InGaN layer.  The conversion efficiency accounts for the tradeoff between the 
opposite trends of Jsc and Voc.  For currently feasible n-GaN/UID-InxGa1-xN/ 
p-In0.25Ga0.75N structures, the conversion efficiency is limited to 11.3% as a result of 
polarization effects that hinder carrier collection for high In compositions.  These 
detrimental polarization effects can be eliminated by using InGaN  
p-i-n homojunction devices that are currently challenging to fabricate, but should be 
achievable in the future.  For an optimized InGaN p-i-n homojunction solar cell with a 




, and an In 
content of 55%, the maximum conversion efficiency is ~17%.  This conversion efficiency 
is limited below the theoretical limit for single-junction devices by presently achievable 
surface recombination velocities (10
4
 cm/s) and minority carrier lifetimes (1 ns).  With 
improved, but unrealistic values of surface recombination velocity and minority carrier 
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lifetime, the efficiency rises to ~25%.  Finally, simulations show that the optimal band 
gap shifts to lower values as the background doping increases.  Hence, by using 
appropriate device design, the performance of InGaN solar cells can be optimized given 
achievable material parameters.  
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CHAPTER 3  
GROWTH OF InGaN FILMS OVER THE ENTIRE COMPOSITION 
RANGE BY N-RICH MBE 
InGaN-based solar cells require high-quality InGaN layers to efficiently absorb photons 
and create photogenerated carriers.  The growth of InGaN epitaxial layers has been 
already achieved by various growth techniques as listed in Table 3.1 but the material 
quality of the InGaN films are not completely satisfactory. 
 The material-quality limitations can be partially overcome using metal-modulated 
epitaxy (MME), a modified form of molecular beam epitaxy [28, 45].  MME has enabled 
the growth of InGaN films throughout the miscibility gap [44, 45].  While the moderate-
In-content films (22-46% InGaN) display high density of dislocations and stacking faults, 
InGaN films with In content higher than 60% exhibit a significant improvement in the 
crystalline quality and optical properties due to a complete misfit strain relaxation 
through the formation of a uniform array of misfit dislocations at the InGaN/GaN 
interface [51].  However, it is unclear whether this complete misfit strain relaxation 
originates from (i) the fundamental lattice mismatch between In-rich InGaN films and 
GaN, (ii) the MME growth technique, or (iii) the use of low temperatures.  This study 
presents the growth of InGaN films over the entire composition range under very low 
growth temperatures and slightly N-rich growth conditions.  The growth of InGaN layers 
on both GaN and AlN are studied to investigate the effect of the underlayer on the 




3.1 Growth of InGaN Films on GaN 
3.1.1 Experimental Procedure 
The InGaN films were grown in a Riber 32 MBE system using a standard effusion cell 
for In, a Veeco SUMO cell for Ga, and a Veeco Unibulb plasma source for N.  Lumilog 
MOCVD-grown GaN (0001) templates on sapphire were used as substrates and were 
backside metallized with tantalum to enable radiative heating.  Substrates were degreased 
in H2SO4:H2O2 (4:1) and outgassed in the introductory chamber at 150°C for 30 min.  A 
~130 nm GaN buffer was grown at 600°C via MME to bury the native surface oxide.  
Details on the growth of GaN by MME can be found elsewhere [100]. 
 InGaN growth was performed at various low growth temperatures (360–450°C) 
depending on the targeted compositions.  These growth temperatures are substantially 
lower than that traditionally used in the literature as described in Table 3.1.  The table 
also compares the characteristics of InGaN films grown by various techniques and shows 
favorable figures of merit. 
 All InGaN films were grown under N-rich conditions using a constant III/N ratio 
of ~0.9 with group-III fluxes normalized by Z-number to account for differences in  
ion-gauge sensitivity between In and Ga.  The In / (Ga + In) ratio was varied to obtain 
InGaN alloys over the entire composition range.  Nitrogen flow rate and RF-plasma 
power were set at 1.3 sccm and 350 W, respectively.  The growth rate was ~1 μm/hr and 
the nominal InGaN film thickness was 55 nm.  The InGaN layers were then capped with 























MOCVD 70-100% 600°C  
 for In > 92% 
 for In=80% 
  
13-67 nm RMS 
Pyramid morphology 
Pantha  
2008 [102]  
MOCVD 25-63% 610-730°C ~200 nm   
(0002): 
1500-3500 




MOCVD 22-87% 640-670°C 100-500 nm 
 @ 670°C 
 @ 640°C 
  Small islands 
Tsai 
2014 [104] 
MOCVD 13-38% 675-750°C 240-460 nm 
 Pulling effect 
(relaxation) 
   
Nanishi 
2003 [17] 
MBE 16-97% 550°C  
 for In >53% 
 for In <53% 
   
Che 
2006 [74] 
MBE 70% 450-600°C 400 nm 
 for N-rich and 
modulated mode 






3-7.3 nm RMS pits 
Komaki 
2007 [70] 
MBE 1-22% 575°C 350-750 nm 
 for N-rich 
 for M-rich 
  
- M-rich:  Flat with 
In droplets 
- N-rich:  Rough 





Table 3.1 (continued) 
Kraus 
2011 [46] 
MBE 15-25% 520°C 25-60 nm 
 for N-rich 
 for M-rich 
  
- M-rich:  2D/3D 
- N-rich:  3D with 





22-66% 400-450°C 50 nm  
 for In >60% 
 for In <60% 
(0002):  350 0.2-0.8 nm 
Gačević 
2013 [66] 
MBE 0-50% 460 - 645°C 60-120 nm    
1-3 nm RMS 
- N-rich:  3D  
- Intermediate <1ML:  
pits  






Excess In  
13-48% 610-670°C 150-250 nm 
Inhomogeneity:  
pulling effect 










75-100% 450-630°C 0.6-1μm 
 for low excess 
In and low 
temperature. 
 for high 








metallic In droplets 
Fabien 
2014 [105] 
MBE 20-82% 360-450°C 55-65 nm   
(0002):  <340 
(101̅5): 
675-1100 






 The growth of the InGaN films was monitored in situ by reflection high-energy 
electron diffraction (RHEED).  The structural properties of the samples were 
characterized by X-ray diffraction (XRD) including 2θ–ω diffraction scans, ω rocking 
curves (RC), and reciprocal space maps (RSM).  The surface morphology, 
microstructural, and optical properties of all these samples were analyzed by atomic force 
microscopy (AFM), transmission electron microscopy (TEM), and 
photoluminescence/cathodoluminescence (PL/CL), respectively.   
3.1.2 Results and Discussion 
Table 3.2 lists the InGaN layer characteristics.  Figure 3.1 shows the In content 
determined by XRD as a function of the ratio of the In (In) to the total group-III (In + Ga) 
flux.  The experimental data points follow a linear behavior with a slope equal to one.  
This slope can be interpreted as the incorporation efficiency of In into the InGaN layer, 
which depends on the desorption and the segregation of In atoms [71, 106].  At the low 
substrate temperatures used for these growths, desorption of In atoms from the surface is 
negligible.  Under N-rich growth, the influence of In segregation is limited due to the 
reduced surface adatom mobility.  Therefore, at low substrate temperatures and under 
slightly N-rich conditions, the In incorporation efficiency is approximately unity. 
 The 2θ-ω scans depicted in Figure 3.2 show the absence of phase separation for 
all the InGaN films grown throughout the miscibility gap.  The suppression of phase 
separation can be attributed to kinetically-limited adatom diffusion enhanced by the  
N-rich growth regime [70] and the low substrate temperatures [73].  The full width at half 
maximum (FWHM) of the (0002) and XRD RCs, which are associated with dislocation 
density, are summarized in Table 3.2.  The (0002) RC full widths at half maximum 
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(FWHMs) of all InGaN films are comparable to those of the underlying GaN templates, 
indicating negligible tilt.  Film thicknesses were measured to be 52-60 nm from the 




























20% 2.64 470 450 324 675 0.495 2.2% 
37% 2.06 601 425 322 1721 0.488 4.1% 
52% 1.62 764 400 338 1770 0.559 5.8% 
67% 1.25 994 400 331 976 0.632 7.5% 







Figure 3.1: In content of InGaN films as a function of the ratio of In to total metal flux.  








Figure 3.2: 2θ-ω diffraction scans along the (0002) reflection of single-phase InGaN 




 The surface morphology of the InGaN films was investigated by AFM.  The AFM 
images, shown in Figure 3.3, display smooth surfaces with sub-nm root-mean-square 
(RMS) roughnesses.  The low adatom mobility from the slightly N-rich growth 
conditions results in a combination of long-range 2D atomic steps (Figure 3.3(a)) with 
short-range 3D granular domains (Figure 3.3(c)) that are 25-50 nm-diameter wide.  This 
grainy morphology is confirmed by the slightly spotty RHEED pattern observed during 





Figure 3.3: (a) 1010 μm, (b) 55 μm, and (c) 11 μm representative AFM images of 
InGaN films grown on GaN under slightly N-rich conditions at low temperatures.  
(d) Typical RHEED pattern during growth. 
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 The composition and strain of the InGaN films were derived from XRD RSMs.  
Details on the calculations are provided in Appendix A.  Figure 3.4 depicts the 
InGaN/GaN RSMs for the (101̅5) reflections of the five InGaN samples with In 
compositions ranging from 20% to 82%.  The fully-strained and fully-relaxed lines are 
also represented as vertical and diagonal dashed lines, respectively.  With increasing In 
content, the InGaN reciprocal lattice point shifts from a fully-strained to a fully-relaxed 
position.  The 20% InGaN film is fully coherent to the GaN underlayer.  The degree of 
relaxation increases for the 37% and the 52% InGaN films and for In composition of 67% 




Figure 3.4: RSMs along the (101̅5) reflection of the (a) 20%, (b) 37%, (c) 52%, (d) 
67%, and (e) 82% InGaN films grown on GaN.  The vertical and diagonal dashed lines 
correspond to the fully-strained and fully-relaxed positions, respectively.   
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 This relaxation trend is confirmed by TEM as shown in Figure 3.5.  The 20% 
InGaN film exhibits residual strain.  The 37% InGaN layer follows an island-nucleation 
growth mechanism, resulting in isolated islands, with different tilt and twist, which 
coalesce.  The onset of moiré fringes, which are associated with misfit dislocations, is 
observed at the GaN/InGaN interface for the 52% InGaN as demonstrated by the periodic 
peaks from the line scan (Figure 3.5(c) inset).  The N-rich 67% InGaN sample clearly 
exhibits moiré fringes at the interface, indicating a complete misfit strain relaxation 





Figure 3.5: Cross-section TEM images of the InGaN films grown on GaN.  Residual 
strain and island formation are observed for the (a) 20% and (b) 37% InGaN films, 
respectively.  Moiré fringes indicating misfit strain relaxation are observed at the 
InGaN/GaN interfaces for the (c) 52% and (d) 67% InGaN films.  The inset shows 
periodic peaks from the line scan at the bottom InGaN/GaN interface.   
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 The distance D between two dark fringes, which is associated with the interplanar 
separation across InGaN/GaN interface is given by 
𝐷 =
 𝑑𝐺𝑎𝑁 𝑑𝐼𝑛𝐺𝑎𝑁
𝑑𝐼𝑛𝐺𝑎𝑁  −  𝑑𝐺𝑎𝑁
, (3.1) 
where dGaN and dInGaN are the interplanar distances in the GaN and InGaN layers, 






where a is the lattice parameter in the basal plane [107].  Using Equations (3.1) and (3.2), 
the lattice constant of the InGaN layer is calculated to be 3.41 Å, which corresponds to 
64% InGaN.  This result further confirms that the InGaN layer underwent a complete 
misfit strain relaxation within the first MLs.   
 Similar to the MME-grown InGaN samples [51], a transition in the structural 
properties of the N-rich InGaN films for In content higher than 50%-60% is observed.  
The critical thickness as a function of In content, calculated using various models, is 
depicted in Figure 3.6.  The transition in the structural properties coincides with the 
calculated critical thickness reaching a value close to 1-2 monolayers (MLs) [108-110].  
The lattice mismatch between the InGaN epitaxial layer and the GaN underlayer 
increases with In composition as shown in Table 3.2.  At high In compositions, due to the 
large lattice mismatch between GaN and In-rich InGaN, the InGaN material 
spontaneously nucleates in a fully relaxed state, with the formation of a uniform array of 
misfit dislocations at the interface.   
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 All these InGaN films exhibit luminescence either by CL (Figure 3.7(a)) or PL 
(Figure  3.7(b)) possibly due to reduced defect density compared to the MME-grown 
InGaN films [51], especially the absence of stacking faults as demonstrated by the TEM.  
The additional peaks and shoulders in the 67% and 82% InGaN spectra are attributed to 






Figure 3.6: Critical thickness as a function of In composition for the InGaN/GaN system 
using various models [108-110].  The critical thickness of one lattice period c (horizontal 








Figure 3.7: (a) CL spectra of the 20%, 37%, and 52% InGaN films and (b) PL spectra of 
the 67% and 82% InGaN films.  The dashed lines represent the Gaussian fittings after 





In summary, the surface morphology, microstructural, and optical properties of InGaN 
films grown by plasma-assisted MBE under low growth temperatures and slightly N-rich 
growth conditions have been studied.  The single-phase InGaN films exhibit improved 
defect density, an absence of stacking faults, efficient In incorporation, enhanced optical 
properties, but a grain-like morphology.  An increase in the degree of relaxation with 
increasing In content and a complete misfit strain relaxation for InGaN films with In 
contents higher than 55-60% were observed.  While the complete strain relaxation 
through misfit dislocations is independent of the growth method, further experiments are 
needed to determine the influence of low growth temperatures.  The enhancement of In 
incorporation and the improvement in structural and optical properties of InGaN films 
over the entire composition range will benefit the development of InGaN-based 
optoelectronic devices, particularly solar cells. 
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3.2 Growth of InGaN Films on AlN 
According to the previous study, the InGaN films grown by N-rich MBE on GaN reveal 
the formation of misfit dislocations at the InGaN/GaN interface for In content higher than 
50%-60%, similar to the MME-grown samples.  Therefore, the transition in the structural 
properties of the InGaN films is independent of the growth method employed (MME or 
N-rich MBE).  This result confirms that the complete misfit strain relaxation originates 
from the fundamental lattice mismatch between In-rich InGaN films and GaN.  The In 
composition at which this transition occurs depends on the lattice mismatch between the 
InGaN film and the underlayer.  Therefore, this composition can be varied by employing 
various buffer layers.  Since the in-plane lattice constant of AlN is lower than that of 
GaN, the lattice mismatch between InGaN and AlN is higher than that between InGaN 
and GaN for a given In composition.  As a result, the In composition at which the 
complete lattice misfit relaxation happens is expected to be lower for InGaN on AlN than 
for InGaN on GaN.  In this study, the relaxation mechanism of InGaN epitaxial layers 
grown on AlN is investigated.   
3.2.1 Experimental Procedure 
The InGaN films were grown under similar conditions as compared to the InGaN films 
grown on GaN underlayers.  Lumilog MOCVD-grown GaN (0001) templates on sapphire 
were used as substrates.  A low-temperature ~10 nm AlN layer was grown at 700°C via 
MME to prevent the decomposition of the GaN template followed by a ~130 nm AlN 
buffer layer grown at 800°C.  Details on the growth of AlN by MME can be found 
elsewhere [111, 112].  All InGaN films were grown under N-rich conditions using a 
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constant III/N ratio of ~0.85 and at various low growth temperatures (355–415°C) 
depending on the targeted compositions (20-80% In).  The growth rate was ~1 μm/hr and 
the nominal InGaN film thickness was 50 nm.  The InGaN layers were then capped with 
a ~10 nm GaN film to prevent thermal decomposition of the surface upon cool down. 
3.2.2 Results and Discussion 
The characteristics of the InGaN layers grown on AlN are listed in Table 3.3.  Figure 3.8 
shows the 2θ-ω scans of the single-phase InGaN films grown throughout the miscibility 
gap with compositions ranging from 21% to 80%.  Compared to the diffraction scans of 
InGaN on GaN shown in Figure 3.2, the Pendellösung fringes are less visible for InGaN 
on AlN, indicating rougher interfaces.  This issue is due to the non-optimized AlN growth 
















21% 2.6 477 415 4.9% 
33% 2.19 566 400 6.2% 
48% 1.73 715 385 8% 
64% 1.32 941 380 9.8% 









Figure 3.8: 2θ-ω diffraction scans along the (0002) reflection of single-phase InGaN 




 The XRD RSMs along the (101̅5) reflections depicted in Figure 3.9 were used to 
measure the composition and strain of the InGaN films.  The fully-strained and  
fully-relaxed lines are represented as vertical and diagonal dashed lines, respectively.  
The fully-strained line originates from the AlN reciprocal lattice point since the AlN 
layer is the buffer layer.  Unlike the 20% InGaN film that was fully strained to the GaN 
underlayer, the 21% InGaN film grown on AlN is mostly relaxed.  For In composition of 
higher than 48%, the InGaN films are fully relaxed.   
 TEM was performed to determine at which In composition the complete misfit 
strain relaxation occurs.  Moiré fringes, which are associated with misfit dislocations, are 
clearly observed at the InGaN/AlN interface for the 48% and 64% InGaN films as 
depicted in Figure 3.10.  As predicted by lattice mismatch calculations, summarized in 
Table 3.3, the In composition at which the InGaN films exhibit a complete misfit 
relaxation is lower for InGaN on AlN than for InGaN on GaN. 
 
70 
 Figure 3.11 shows the theoretical critical thickness for InGaN on AlN as a 
function of In content calculated using various models.  The transition in the structural 
properties of the InGaN films on AlN happens for In content higher than ~45%.  Similar 
to InGaN on GaN, this transition coincides with the calculated critical thickness reaching 





Figure 3.9: RSMs along the (101̅5) reflection of the (a) 21%, (b) 33%, (c) 48%, (d) 
64%, and (e) 80% InGaN films grown on AlN.  The vertical and diagonal dashed lines 










Figure 3.10: Cross-section TEM images of the (a) 20%, (b) 37%, (c) 48%, and (d) 64% 
InGaN films grown on AlN.  Moiré fringes indicating misfit strain relaxation are 







Figure 3.11: Critical thickness as a function of In composition for the InGaN/AlN 
system using various models [108-110].  The critical thickness of one lattice period c 





In summary, the structural properties of single-phase InGaN films grown on AlN by 
plasma-assisted MBE under low growth temperatures and slightly N-rich growth 
conditions have been investigated.  The complete misfit strain relaxation through the 
formation of a uniform array of misfit dislocations at the InGaN/AlN interface is 
observed for InGaN films with In contents higher than ~45%, which is lower than that 
observed for the InGaN/GaN system.  Since the In content at which the transition in the 
structural properties occurs depends on the lattice mismatch between the InGaN layer and 
the underlayer, various buffer layers can be selected to shift the transition at various In 
compositions.  This transition composition can be estimated by calculating the In content 
at which the critical thickness reaches a value close to 1-2 MLs.    
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CHAPTER 4  
GROWTH OF DOPED GaN AND InGaN FILMS 
The growth and fabrication of InGaN-based solar cells require doped layers to separate 
and collect the photogenerated carriers.  The p- and n-doped layers establish a built-in 
electric field across the intrinsic layer to separate the photogenerated carriers.  The 
intensity of the built-in electric field depends on the doping level in the doped layers.  In 
addition, the doped layers create low-resistance contacts with external electrodes for 
carrier collection. 
4.1 Metal-Modulated Epitaxy Growth of Si-Doped GaN 
Highly Si-doped GaN films are necessary to form low-resistance n-type conductive 
layers in nitride-based optoelectronic devices.  A systematic study was conducted to 
investigate n-GaN layers grown by metal-modulated epitaxy (MME).  MME is a growth 
method in which the metal shutters are periodically opened and closed while the N flux is 
maintained constant.  The present study describes the growth mechanisms of Si-doped 
GaN film by MME and the associated RHEED signatures observed during growth.  The 
impact of the Si-doping concentration on the electrical and morphological properties of 






4.1.1 Experimental Procedure 
The n-GaN samples were grown on Lumilog semi-insulating GaN:Fe (0001) templates.  
A 120 nm-thick AlN buffer layer was grown by MME to act as an insulating buffer layer.  
The AlN layer is used to bury the template native surface oxide and to avoid multi-layer 
conduction that will disturb the electrical measurement.  The n-GaN epilayers were 
grown at 600°C via the MME technique with a 10 s open/10 s closed duty cycle as 
depicted in Figure 4.1.  The Si shutter was not modulated because unlike Mg, Si does not 
segregate to the surface.  The Ga flux was maintained constant at 1.8×10
-6
 torr beam 
equivalent pressure (BEP), resulting in a III/N ratio of ~1.8, while the Si cell temperature 
was varied from 975°C to 1240°C.  The growth was monitored in real time by RHEED.  
To examine the RHEED transient signal, the analysis window was centered on the 
specular RHEED streak of the diffraction pattern.  The correlation of RHEED signatures 
with surface characteristics has been previously studied for the growth of AlN [111, 112] 









4.1.2 Results and Discussion 
The RHEED-transient features and the corresponding physical mechanisms that occur 
during the MME growth of Si-doped GaN layers at various portions of the modulation 
scheme are illustrated in Figure 4.2.  Because of the metal-rich (M-rich) condition, a 
metal bilayer builds-up while the Ga shutter is open (Figure 4.2A).  The formation of the 
Ga chemisorbed adlayer, which attenuates the reflection of the RHEED beam, is 
associated with the abrupt decay in the RHEED intensity labeled A.  The RHEED 
intensity then reaches a saturation point labeled B, where the intensity decreases much 
more slowly.  This slow decay corresponds to the formation and accumulation of Ga 
droplets on the surface (Figure 4.2B).  After the Ga shutter is closed, a slow increase is 
observed in feature C as the Ga droplets are consumed by growth of GaN since N is still 
supplied to the surface (Figure 4.2C).  Even if the Ga source is closed, the growth of GaN 
occurs from the excess metal accumulated during the open shutter period.  The 
subsequent consumption of the Ga bilayer into the film (Figure 4.2D) results in a rapid 
increase in the signal intensity labeled D.  Once the Ga adlayer is consumed, the dry GaN 
surface is exposed only to the impinging N, creating a N-adsorbed layer (Figure 4.2E).  
During this portion of the cycle, no growth occurs as there is no source of Ga.  The 
exposure of the surface by the impinging N plasma leads to surface roughening, which is 




Figure 4.2: (Top) Representative transient RHEED signals for MME Si-doped GaN.  Features are labeled and shaded regions 
indicate Ga-shutter open portions of the modulation scheme.  (Bottom) Illustrations of the MME growth mechanisms of Si-doped GaN 
films.  Each illustration corresponds to a feature labeled in the RHEED transient.   
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 The electrical properties of the 500 nm-thick n-GaN films grown by MME were 
determined by Hall-effect measurements using a 0.3 T fixed magnet at room temperature.  
Indium dots were soldered to the samples as ohmic contacts.  Figure 4.3 represents the 
electron concentration and resistivity as a function of the Si effusion cell temperature.  By 













 Ω·cm can be obtained.  With 
increasing the Si cell temperature, an increasing electron concentration in the doped layer 




 for a cell temperature of 1240°C.  The 
doping incorporation follows a trend similar to a vapor pressure curve, implying that the  
incorporation is governed by the impinging rate of dopant atoms.  As expected, the 





Figure 4.3: Electron concentration and resistivity as a function of Si effusion-cell 





 The electron mobility as a function of electron concentration, given in Figure 4.4, 
follows a bell-shaped curve [113, 114].  This curve shape can be explained by the 
combined effects of dislocation and ionized-impurity scattering.  At lower carrier 
concentrations, the mobility is limited by scattering by charged dislocations.  At higher 





Figure 4.4: Mobility as a function of electron concentration for Si-doped GaN films 




 In general, the morphology of these Si-doped GaN layers is very smooth.  The 
excessively metal-rich conditions typically used for MME-grown n-GaN produce a 
streaky RHEED pattern indicative of smooth surface as observed in Figure 4.2(b).  
Moreover, (22) reconstruction patterns are observed during GaN growth and during 
cooling after growth, further suggesting a flat and smooth surface [115].  The surface 
morphology of the n-GaN layers was determined after growth by AFM measurement as 
presented in Figure 4.5.  The surface typically displays monolayer steps and  
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hexagonal-shaped spiral hillocks with a small pit in the center as shown in Figure 4.5(a).  
These hillocks are composed of monolayer-high steps and terraces that form around 
dislocations.  This surface morphology is characteristic of MBE step-flow growth [116]. 





substantial cracking as revealed in Figure 4.5(b).  When incorporated at high doping 
levels, the Si n-type dopant introduces a significant amount of strain in the GaN layers, 
which can cause cracking of the layer [117-119].  Similar cracking has been previously 




 due to tensile stress occurring in the film [120].  
This incorporation limit can be extended to the low-10
20 cm
-3
 range via the MME 
technique by controlling the kinetics of Si incorporation using low substrate temperatures 






Figure 4.5: (a) Typical RHEED pattern during growth of MME Si-doped GaN.   
(b) 11 μm representative AFM image of Si-doped GaN films showing hexagonal 
hillocks typical of dislocation-mediated step-flow growth of GaN by MBE.  (c) 11 μm 









This study examined the growth of Si-doped GaN films by MME.  The correlation 
between surface characteristics and RHEED signatures observed at various portions of 
the shutter cycle was studied.  The doping as a function of the Si effusion-cell 
temperature was investigated to evaluate the impact of Si incorporation on the structural 
and electrical properties of n-GaN epilayers.  This systematic study provides a useful 
calibration and baseline for subsequent n-GaN device layers.   
4.2 Metal-Modulated Epitaxy Growth of Mg-Doped GaN 
The ability to achieve high-quality p-type GaN films is essential for the improvement of 
nitride-based devices, such as LEDs, lasers, heterojunction bipolar transistors (HBTs), 
and solar cells.  While Mg is the most commonly used p-type dopant, Mg-doped  
nitride-based devices have limited performance in part because of hole concentrations 
limited in the mid-10
18 cm
-3
 range [24, 25] and highly resistive p-type layers resulting 
from low hole mobilities. 
 This p-doping issue can be significantly improved using MME [27, 28, 121].  
MME allows for control of the kinetics of Mg incorporation while using low substrate 
temperatures, resulting in highly p-type nitride films with adequate crystal quality [29, 





 in GaN and negligible carrier freeze-out [29].  By 
opening and closing the metal shutters, MME alternates between the N-rich and M-rich 
regimes.  Under N-rich conditions, Mg dopants preferentially incorporate into Ga/In 
substitutional sites [123].  Furthermore, under N-rich conditions, the formation energy of 
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nitrogen vacancies that can act as compensating centers is higher than that under M-rich 
condition [124].  However, N-rich growth usually results in lower material quality due to 
surface faceting that can create crystalline defects such as grain boundaries and 
dislocations [27].  In contrast, M-rich growth results in smooth surfaces that prevent the 
formation of defects resulting from faceting.  Under the M-rich regime, however, the 
formation energy of nitrogen vacancies decreases, leading to a higher density of 
compensating centers.  By periodically modulating the metal fluxes, MME takes 
advantage of both N-rich and M-rich growth conditions.   
4.2.1 Experimental Procedure 
All Mg-doped GaN films were grown by MME on 11 cm semi-insulating  
MOCVD-grown GaN-on-sapphire template in a Riber 32 MBE system.  Nitrogen was 
supplied by a Veeco UNI-Bulb RF plasma source with a RF power of 350 W and N2 flow 
of 1.3 sccm, resulting in a N-limited growth rate of approximately 1 μm/hr.  While a 
Veeco SUMO cell was used for Ga, a standard effusion cell was used for Mg with a cell 
temperature of 200°C.  A 120 nm-thick AlN buffer layer was grown by MME to ensure 
that all electrical measurements resulted from the p-GaN layer.  The p-type GaN:Mg 
films were grown by MME at 600°C with a III/N ratio of ~1.3.  To avoid the formation of 
Mg clusters, Ga and Mg were shuttered simultaneously with a cycle of 5 s open/10 s 
closed.  The modulation scheme is illustrated in Figure 4.6.  RHEED patterns and 
transients were used to characterize the films in situ.  Post-growth analysis was 
performed by AFM to determine the surface morphology and Hall-effect measurements 
to determine the electrical properties using indium-dot contacts.  Similar to the previous 
study of Si-doped GaN films, the correlation between RHEED signal features and the 
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physical mechanisms occurring at various portions of the MME cycle has been 










4.2.2 Results and Discussion 
Figure 4.7 shows a typical transient RHEED signal for MME Mg-doped GaN with three 
characteristic features and the growth mechanisms associated with these signatures.  The 
abrupt decay in the RHEED intensity labeled A is related to the formation of the  
excess-Ga adlayer (Figure 4.7A).  Since the Ga flux is less M-rich and since the shutter 
open time is shorter than those used in the Si-doped case, the metal bilayer is not 
complete and no Ga droplets are formed.  The absence of Ga-droplet accumulation is 
evidenced by the absence of the slow decay observed in feature B in Figure 4.2 for the 




Figure 4.7: (Top) Representative transient RHEED signals for MME Mg-doped GaN.  Features are labeled and shaded region 
indicates Ga and Mg shutter open portion of the modulation scheme.  (Bottom) Illustrations of the MME growth mechanisms of Mg-
doped GaN films.  Each illustration corresponds to a feature labeled in the RHEED transient.   
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 After the metal shutters are closed, the incomplete metal bilayer is consumed into 
the film (Figure 4.7D), leading to a rapid increase in the signal intensity visible in feature 
D.  The absence of delay after shutter closing further confirms the absence of metal 
droplets on the surface.  Once the metal adlayer is fully consumed, the RHEED intensity 
recovers to its starting value prior to shutter opening in feature E.  The exposure of the 
GaN surface by the impinging N plasma results in the formation of a N adlayer 
(Figure 4.7E).   





 range, resistivities of approximately 0.2 Ω·cm, and mobilities of 
~0.9 cm
2
/V·s measured at room temperature.  Because of the high vapor pressure of Mg, 
the optimal Mg cell temperature fluctuates, rendering the use of a standard effusion cell 
unstable and unpractical.  To address this instability issue, the use of a Veeco corrosive 
series valved cracker has been previously introduced [28, 29, 121, 122]. 
 The surface morphology of Mg-doped GaN films is drastically different than that 
of undoped or Si-doped GaN films.  This dissimilarity can be observed from the RHEED 
pattern depicted in Figure 4.8(a).  While undoped and n-GaN layers exhibit a streaky 
pattern, p-GaN films reveal elongated spots that indicate rougher surfaces.  Shown in 
Figure 4.8(b) is a representative 11 μm AFM image of a 100 nm-thick p-GaN layer.  
The sample displays a grainy surface morphology that is typical for MME-grown, highly 
p-doped GaN films.  The pits are due to the non-optimized AlN growth conditions, which 





Figure 4.8: (a) Typical RHEED pattern during growth of MME Mg-doped GaN.   





In summary, this section describes the growth mechanisms and RHEED monitoring of 
Mg-doped GaN films grown by MME.  The MME growth conditions with lower III/N 
ratio and shorter open-shutter cycle typically results in extremely-high hole 
concentrations and grainy morphologies.  The increased hole concentration can be 
attributed to optimal incorporation of Mg dopants into Ga-substitutional sites with 
minimal formation of compensating defects.  These highly-doped p-GaN films offer 
promise for future subcells and tunnel junctions.  
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4.3 Growth of Mg-Doped InGaN by Metal-Modulated Epitaxy and N-Rich MBE 
While InGaN homojunction solar cells are the only design that can achieve suitable 
efficiencies according to simulation results, these devices are currently very challenging 
to achieve.  The growth and fabrication of homojunction cells require major 
improvements in p-type doping of InGaN material.  The electrical, optical, and structural 
properties of Mg-doped InGaN films, mainly grown by MOCVD, have been previously 
reported [33, 34, 125].  The hole concentration in p-InGaN depends on the growth 
conditions, the In content, and the crystal quality of the InGaN layers [126, 127].  As the 
In content increases, the Mg-acceptor activation energy decreases leading to higher hole 
concentrations [34, 128].  However, the concentration of background donors that 
compensate acceptors and thus, decrease the p-doping efficiency, increases with 
increasing In content [37].  At high Mg-doping level, the hole concentration decreases as 
a result of self-compensation due to the formation of a deep donor and/or the degradation 
of the crystal quality [126].  While p-type InGaN layers with In composition as high as 
35% have been previously reported [33, 129], this work focuses on In0.25Ga0.75N since 
this In composition is the highest composition that can consistently be doped p-type [127, 
130-132].  In this study, the effect of the III/N ratio on the structural, electrical, and 
optical properties of p-InGaN films is investigated.  
4.3.1 Experimental Procedure 
The Mg-doped InGaN films were grown in a Riber 32 MBE system using a Veeco  
UNI-Bulb RF plasma source for N, a Veeco SUMO cell for Ga, a standard effusion cell 
for In, and a Veeco corrosive series valved cracker for Mg with a bulk temperature of 
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300°C and a valve opening of 240 mils.  The substrates used for all films were 11 cm 
semi-insulating MOCVD-grown GaN-on-sapphire templates.  The targeted structure, 
depicted in Figure 4.9, consists of a 50 nm-thick 25% p-InGaN layer followed by a 
25 nm-thick composition-graded p-InGaN film and a 5 nm p-GaN cap.  The growth 
temperature was maintained at 450°C for the 25% InGaN films and linearly graded to 










 While maintaining a constant In to Ga flux ratio to produce a fixed In composition 
of 25%, the total normalized metal flux was varied to investigate the impact of the III/N 
ratio on the characteristics of the Mg-doped InGaN layers.  Four samples with various 
III/N ratios were grown:  one N-rich p-InGaN film with III/N = 0.9 and three MME  
p-InGaN films with III/N = 1.2, 1.3, and 1.6.  In the case of the N-rich p-InGaN film, the 
In, Ga, and Mg shutters are opened simultaneously and maintained open throughout the 
growth (no modulation of the metal sources).  In the case of the MME p-InGaN films, the 
Mg source is modulated concurrently with the In and Ga sources.  The open/close time of 
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the modulation scheme, illustrated in Figure 4.10, was varied depending on the III/N ratio 
to ensure that the thickness of the excess-metal adlayer did not exceed a ML to avoid In 
surface segregation [45]. The adlayer buildup and the film morphology were monitored 
in situ by RHEED transient and RHEED pattern respectively. The structural, electrical, 
and optical properties of the films were investigated ex situ by XRD, AFM, hot-probe 



















4.3.2 Results and Discussion 
The characteristics of the p-InGaN films grown under various methods and III/N ratios 
are listed in Table 4.1.  Figure 4.11 shows representative RHEED patterns for the Mg-
doped InGaN films with various III/N ratios.  The N-rich layer with III/N = 0.9 displays a 
spotty RHEED pattern, indicative of a rough surface (Figure 4.11(a)) as expected for a 
Mg-doped N-rich film. As the III/N ratio increases, the spots become more elongated, 
suggesting smoother surfaces.  The MME layer with III/N = 1.6 displays a streaky 


























N-rich 0.9 537 1453 NA 27.7% 5.99 ~24 
MME 
1.2 562 1987 65 27.5% 2.12 ~11 
1.3 527 2205 70 23% 0.97 ~20 






 The MME RHEED transients shown in Figure 4.12 also give information on the 
surface morphology and surface kinetics.  The shaded regions correspond to the  
metal-shutter open portions of the modulation scheme.  The RHEED oscillations are 
attributed to the accumulation and subsequent consumption of the excess-metal adlayer 
[45].  A minimum intensity corresponds to destructive interference caused by an 
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incomplete adlayer, and a maximum intensity corresponds to constructive interference 
caused by a complete adlayer.  Upon opening the metal shutters, a RHEED oscillation 
associated with the adsorption of an incomplete metal adlayer is observed.  For all MME 
samples, the metal shutters are closed before a full ML forms to prevent In surface 
segregation.  Thus, only a minimum intensity is observed in the shaded region of the 
modulation scheme.  After the metal shutters are closed, a RHEED signal that resembles 
the time-opposite of the shaded region occurs.  This behavior corresponds to the 
consumption of the incomplete metal adlayer [45].  After the metal adlayer is consumed, 
a steady state is reached.  The gradual increase in RHEED intensity over time, observed 
in Figure 4.12(a) and (b) but not observed in Figure 4.12(c), demonstrates the roughening 





    
(a) (b) (c) (d) 
Figure 4.11: RHEED patterns during growth of Mg-doped InGaN grown under  
(a) N-rich III/N = 0.9, (b) MME III/N = 1.2, (c) MME III/N = 1.3, and (d) MME 








Figure 4.12: Transient RHEED signals for MME Mg-doped InGaN grown under 
(a) MME III/N = 1.2, (b) MME III/N = 1.3, and (c) MME III/N = 1.6 conditions.  The 






 All Mg-doped InGaN films were determined to be p-type as measured by  
hot-probe measurements.  Hall-effect measurements, used to determine the hole 
concentration, lead to inconclusive results possibly due to the reduced mobility of the 
InGaN layers and/or the native oxide at the GaN:Fe/InGaN interface that typically 
induces n-type conductivity.  This native surface oxide can result in a multi-layer 
conduction that can disturb the electrical measurement.  The resistivity of the p-InGaN 
samples, listed in Table 4.1, was measured by the Van der Pauw method.  For the MME 
samples, the resistivity increases as the III/N ratio increases.  Since the Mg cracker 
conditions (temperature and valve opening) are similar for all samples, the Mg / (In + Ga) 
ratio decreases as the (In + Ga) flux, i.e. the III/N ratio, increases leading to lower Mg 
concentration and thus, higher resistivity.  The MME-grown film with III/N = 1.6 
displays a resistivity of ~360 Ω·cm, suggesting that the n-doping from the background 
donors is compensated by the low Mg doping.  Such a compensated InGaN layer could 
be used in the active region of a solar cell to extend the width of the depletion region.   
 The structural property of the p-InGaN layers was analyzed by XRD.  Figure 4.13 
depicts the (0002) diffraction scans of the p-InGaN films grown under various conditions.  
The single-phase InGaN films do not display In segregation as evidenced by the absence 
of peaks corresponding to InN or metallic In.  As the III/N ratio increases, the 
Pendellösung fringes become more pronounced, suggesting smoother surfaces.  This 
behavior is also evidenced by the 55 μm AFM images of p-InGaN shown in 
Figure 4.14. The root-mean-square (RMS) roughness, listed in Table 4.1, decreases with 
increasing the III/N ratio.  The N-rich sample is significantly rougher than the MME-
grown samples since it does not benefit from the smoothing effect of the wetting layer.  
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However, independent of the growth conditions, the p-InGaN films display a grainy 
morphology, shown in Figure 4.15, typical for N-rich and MME p-doped III-nitride films.  
 The composition and degree of relaxation of the InGaN:Mg layers were 
determined from XRD RSMs as illustrated in Figure 4.16.  All InGaN films are mostly 






Figure 4.13: XRD (0002) diffraction scans of p-InGaN grown under N-rich III/N = 0.9, 






(a) (b)  (c)  
Figure 4.14: 55 μm AFM images of p-InGaN grown under (a) N-rich III/N = 0.9, 





(a) (b)  (c)  
Figure 4.15: 11 μm AFM images of p-InGaN grown under (a) N-rich rich 





(a) (b) (c) (d) 
Figure 4.16: RSMs along the (101̅5) reflection of p-InGaN grown under (a) N-rich 




 TEM was performed to assess the crystal quality and defect structures of the  
p-InGaN layers.  Figure 4.17 depicts the cross-section TEM images with a diffraction 
contrast set at g  = [0002], which reveals threading dislocations.  For all samples, the 
InGaN films demonstrate a columnar structure with large V-pits at the surface. While the 
GaN/InGaN interfaces are sharp, the InGaN films exhibit threading dislocations, 
represented by dark vertical lines that originated at the interfaces.  These dislocations are 
located at the domain boundaries of the columnar structures.  Figure 4.18 depicts the 
cross-section TEM images with a diffraction contrast set at ]0011[g , which reveals 
stacking faults.  All films exhibit stacking faults, which are cubic inclusions in the 
hexagonal lattice. The density of stacking faults in the N-rich sample is lower than in all 
MME samples, confirming the results observed previously for undoped InGaN films [51, 
105] and described in Chapter 3.  The density of stacking faults increases with increasing 
the III/N ratio, suggesting that their formation is promoted by the M-rich growth 
condition.  The MME InGaN layers display an initial high density of short stacking faults 
near the GaN/InGaN interface.  As the thickness of the InGaN film increases and as the 
In composition decreases through the composition-graded layer, the stacking faults 
elongate and become sparser.   
 The optical properties of the p-InGaN films were studied by CL spectroscopy at 
room temperature.  The N-rich InGaN layer exhibits CL as shown in Figure 4.19(a).  The 
CL spectrum can be fitted by two Gaussian curves.  The main peak centered at 552 nm is 
associated with the p-InGaN films, while the peak centered at 600 nm is associated with 
yellow luminescence from the MOCVD-grown GaN template.  In contrast with the  
N-rich film, negligible luminescence was observed for the MME-grown samples as 
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shown in Figure 4.19(b).  The absence of luminescence for MME InGaN film with low In 
content is concordant with previous observations [51], and can be explained by the high 






(a) (b) (c) (d) 
Figure 4.17: Cross-section TEM images of p-InGaN grown under (a) N-rich 
III/N = 0.9, (b) MME III/N = 1.2, (c) MME III/N = 1.3, and (d) MME III/N = 1.6 







(a) (b) (c) (d) 
Figure 4.18: Cross-section TEM images of p-InGaN grown under (a) N-rich 
III/N = 0.9, (b) MME III/N = 1.2, (c) MME III/N = 1.3, and (d) MME III/N = 1.6 








Figure 4.19: (a) CL spectrum of N-rich Mg-doped InGaN film.  The dashed lines 





This study investigated the growth of Mg-doped InGaN films by N-rich MBE and MME.  
The effect of III/N ratio on the electrical, structural, and optical properties of  
p-InGaN films was examined.  Independent of the growth technique, all Mg-doped 
InGaN layers exhibit p-type conductivity as determined by hot-probe measurements, a 
grainy morphology as determined by AFM, and no phase separation as determined by 
XRD.  As the III/N ratio increases, the films become more resistive.  The M-rich 
conditions result in smoother surfaces but higher stacking-fault densities.  While the 
MME-grown samples do not display optical emission due to these crystalline defects, the 
N-rich film shows enhanced optical properties.  The growth of these p-InGaN films offer 
promise for future InGaN homojunction solar cells, but further effort is required to extend 




CHAPTER 5  
FABRICATION PROCESS OF III-NITRIDE SOLAR CELLS 
In addition to growth, InGaN solar cells demand a process to fabricate and optimize 
devices.  A processing sequence is developed to fabricate III-nitride devices.  A mask set 
with multiple analysis structures is designed to investigate the device performance and 
determine pathways for improvement.  Ohmic contacts to both n- and p-GaN are studied 
using the circular transmission line model (CTLM).  Finally, optimization of the grid 
contact to minimize the combined optical and resistive losses is considered.  
5.1 Fabrication Process Sequence 
To fabricate InGaN-based solar cells, a process based on a standard  
nitride-semiconductor processing technique was developed.  A typical device processing 
sequence for an InGaN p-i-n solar cell is depicted in Figure 5.1.  The fabrication of the 
solar cell uses traditional optical lithography, dry etching, metal deposition, and lift-off.  
A standard solvent clean followed by deionized-water (DI) rinsing and N2 blow drying is 
used to clean the wafer before and between processing steps to clear the sample of any 
grease, dust, or organic impurities.  First, a mesa pattern is formed by photolithography 
on the p-i-n structure to define the area of the cell structure.  The thick photoresist (PR) 
layer, cured at 120°C for 30 minutes to harden it, serves as a mask for the pattern transfer.  
The mesa structure is transferred via inductively coupled plasma (ICP) etching using a 
BCl3/Cl2 chemistry to expose the n-type layer (Figure 5.1(b)).  The pattern transfer 
requires dry etching due to the high chemical stability and the high bond strength of 
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nitride semiconductors. Next, the n-ohmic contact, which consists of 
titanium/aluminum/titanium/gold (Ti/Al/Ti/Au 30/100/30/50 nm), is formed by 
photolithography and electron-beam evaporation (Figure 5.1(c)).  Prior to the 
metallization, the sample is dipped in buffered oxide etch (BOE) for 30 s to etch native 
oxides.  After another photolithography step and a hydrochloric acid (HCl) treatment, a 
thin layer of nickel/gold (Ni/Au 5/5 nm) is then deposited on the resistive p-type layer to 
serve as a semitransparent current-spreading layer to promote lateral conduction and thus, 
enhance carrier collection (Figure 5.1(d)).  Finally, a Ni/Au (30/50 nm) grid with  
5 μm-wide fingers is deposited to form p-contact metal schemes by electron-beam 
evaporation (Figure 5.1(e)).  Figure 5.2 shows a top-view micrograph of a fabricated 
11 mm device with the grid contact.  A detailed process flow for a typical p-i-n InGaN 
solar-cell fabrication is provided in Appendix B.   
 To test this fabrication process, several III-nitride devices including a simple p-i-n 
diode and an InGaN/GaN multi-quantum well (MQW) light-emitting diode (LED) 
structure were fabricated without contact anneal.  Figure 5.3(a) and (b) represent the J-V 
curves of the diode and the LED, respectively.  The devices exhibit clear rectification and 
low leakage current.  The LED structure displays electroluminescence, PV, and 
photoconductance effects measured with a UV-deficient light, but shunt resistance 
appears to be the main issue, leading to a poor Voc.  While this fabrication process 
requires further optimization, particularly regarding the contact-annealing steps, these 












Figure 5.1: Schematic of the fabrication process:  (a) as-grown InGaN p-i-n structure, 
(b) mesa etch, (c) n-type metal deposition, (d) spreading metal deposition, (e) p-type 













Figure 5.3: J-V curves of the fabricated (a) p-i-n diode and (b) MQW LED under dark 
and illuminated conditions [122].  The inset shows the blue electroluminescence of the 
MQW LED.  
 
 
5.2 Mask Layout 
The mask set was developed using the physical layout editor Clewin and was fabricated 
by laser writing on a 4"x4" quartz photomask blank coated with chromium and PR.  The 
total pattern dimension was designed to pattern a 11 cm sample.  The designed mask 
set includes 20 solar-cell devices with various areas (500×500 μm, 750×750 μm, and 
1×1 mm) and grid-spacing values ranging from 100 to 300 μm.  Figure 5.4 shows the 
mask layout used for the solar-cell structures.   
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 The grey features represent the mesa structure, the blue features represent the p-
type metal, and the green features represent the n-type contact.  The current-spreading 
layer for the p-type contact is not included for clarity.  The mask also contains various 
diagnostic structures including CTLM patterns, metal-resistance measurement, and 






Figure 5.4: Mask layout for a 1×1 cm sample showing solar cell devices with various 




5.3 Metal Contacts for III-Nitride Devices 
5.3.1 Circular Transmission Line Model 
Ohmic-contact formation to III-nitride films is a critical step for the fabrication of InGaN 
solar cells.  To enhance carrier collection, the n- and p-type contact resistances need to be 
minimized.  While n-type contacts typically show ohmic behaviors with suitable contact 
resistances, satisfactory p-type contacts are challenging.  The metal-semiconductor 
contact can be characterized using the circular transmission line model (CTLM).  The 
CTLM pattern, illustrated in Figure 5.5(a), consists of a conductive (metal) inner region 
of radius r, a gap of width d (semiconductor), and a conducting outer region of radius R.  
The test structure is designed with a constant outer radius R = 200 μm and gap d = 4, 8, 
16, 32, and 64 μm as depicted in Figure 5.5(a).  The total resistance Rt between the 
internal and the external contacts is given by 
𝑅𝑡 =  
𝑅𝑠ℎ
2𝜋
 ×  [𝑙𝑛 (
𝑅
𝑟







where Rsh is the sheet resistance (Ω/□) of the semiconductor layer and Lt is the transfer 
length (cm) [133, 134].  Equation (5.1) is valid for r >> 4Lt.  Figure 5.5(b) shows the plot 
of the total resistance measured for various gap values as a function of ln(R/r).  The data 
can then be fitted to obtain a straight line plot of Rt vs ln(R/r).  The slope of the linear 
regression leads to Rsh and the intercept at ln(R/r) = 0 (corresponding to R = r) is 
Rsh·Lt/Rπ, giving Lt.  The specific contact resistivity, ρc (Ω·cm
2
), can be obtained using 
the following equation:   
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𝐿𝑡 =  √
𝜌𝑐
𝑅𝑠ℎ





Figure 5.5: (a) Circular contact resistance patterns with various gap values.  The dark 
regions represent metallic regions.  The inset shows a structure with a gap d and an inner 




5.3.2 Ohmic contact to n-GaN 
For ohmic contacts to n-GaN, Ti- and Al-based metallization schemes (e.g., Ti, Ti/Al, 
Ti/Au, Ti/Al/Ni/Au, and Ti/Al/Ti/Au) have been widely investigated [135-137]. Using 
such metallization schemes, low specific contact resistivities ranging from 10
-5





 have been reported, which are satisfactory for the operation of optoelectronic 
devices.  To evaluate metal contacts to n-GaN films, the CTLM structures described 





 by standard lithography, electron-beam 
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evaporation, and lift-off.  Before photolithography, the samples were degreased with a 
solvent clean and dipped in BOE for 3 min to etch the native surface oxide layer that 
would act as a barrier to electrical current flow through the GaN/metal contact interface. 
After the photolithography step, an O2-plasma descum was performed to remove PR 
residue that would affect the contact performance.  Prior to the metallization, the samples 
were dipped in BOE:DI 1:1 for 30 s to ensure that the surface oxide was removed.  The 
metal films, which consist of Ti/Al/Ti/Au (30/100/30/50 nm), were deposited 
consecutively using an electron-beam evaporator with a base pressure lower than 310
-6
 
torr.  The I-V measurements were carried out by a four-point probe method, and the 
specific contact resistivity ρc, transfer length Lt, and sheet resistance of the n-GaN Rsh 
were measured by CTLM.   
 The I-V characteristics of the as-deposited CTLM patterns, shown in 
Figure 5.6(a), exhibit a linear behavior, indicating that the metal contacts are ohmic even 
without post-metallization annealing.  To calculate ρc, the total resistance Rt, extracted 
from the I-V characteristics, is plotted as a function of ln(R/r) as illustrated in 





 and 10-15 μm, respectively.  The sheet resistance of the n-GaN 
epilayer was calculated to be ~40 Ω/□, which is consistent with the value obtained from 
Hall measurement.  These low-resistance ohmic contacts to n-GaN offer a great baseline 
for future nitride-based solar cells.  The specific contact resistivity of similar contacts to 
MME-grown n-GaN films used in devices is expected to be lower due to higher electron 
concentration [138].  While these preliminary results are very promising, metal-contact 
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schemes and annealing conditions can be further optimized to improve the contact 





Figure 5.6: (a) CTLM I-V characteristics of non-annealed Ti/Al/Ti/Au 
(30/100/30/50 nm) ohmic contacts to n-GaN.  Dots A, B, C, D, and E correspond to 
spacing values of 4, 8, 16, 32, and 64 μm, respectively.  (b) Rt as a function of ln(R/r).  
The experimental data points are fitted using linear regression (red line) to determine the 




5.3.3 Ohmic contact to p-GaN 
The formation of low-resistance ohmic contacts to p-GaN is essential for further 
improvement in electrical and optical performance of GaN-based optoelectronic devices 
[139].  Various methods to achieve low-resistance contacts to p-GaN including the use of 
large work function [140, 141], surface treatments [141, 142], and superlattice and 
strained layers [143, 144], have been employed.  Ni/Au contacts have been commonly 
used as ohmic contact to p-GaN.  The ohmic formation usually requires an annealing 
process to cause interfacial reaction and Ni oxidation [145].  The effect of annealing 
 
107 
atmosphere and temperature on the structural and electrical properties of Ni/Au contacts 
has been widely investigated [134, 146].  To evaluate metal contacts to p-GaN films with 
high hole concentrations, CTLM structures were patterned on MME-grown p-GaN films 




 grown on AlN on sapphire.  The CTLM structures 
used in this study have a constant outer radius R = 185 μm and spacing values of 20, 30, 
50, and 90 μm.  The cleaning, lithography, and descum steps were similar to those for the 
metal contacts to n-GaN.  However, prior to metallization, the p-GaN samples were 
dipped in HCl for 30 s to etch the surface oxide.  The metal films, which consist of Ni/Au 
(50/50 nm), were deposited consecutively using an electron-beam evaporator with a base 
pressure lower than 310
-6
 torr.  The metallized samples were then annealed in a MILA 
5000 mini-annealer at 500°C for 10 min in dry air.  
 Figure 5.7(a) depicts the I-V characteristics of the as-deposited CTLM patterns on 
MME-grown p-GaN.  The I-V curves are almost linear even without post-metallization 
annealing due to the high hole concentration in the p-GaN layer.  The dependence of Rt as 
on ln(R/r) for contacts before and after annealing is illustrated in Figure 5.7(b).  The 









, respectively.  The I-V after annealing display a linear behavior that 
demonstrates an ohmic contact to p-GaN.  While the contact resistivity improved with the 
annealing step and is suitable for solar cell operation, a more detailed study is needed to 






Figure 5.7:  (a) CTLM I-V characteristics of as-deposited Ni/Au (50/50 nm) contacts to 
p-GaN.  Dots a, b, c, and d correspond to spacing values of 20, 30, 50, and 90 μm, 
respectively.  (b) Rt as a function of ln(R/r) for the contacts before and after annealing.  
The experimental data points are fitted using linear regression (red line) to determine the 




5.4 Optimization of Metallization grid pattern 
The metallization grid pattern is an essential design element for high-efficiency solar 
cells.  While a variety of grid geometries exists, metallization grid patterns are usually 
simple and highly symmetrical for practical reasons.  A typical top contact grid 
configuration consists of parallel grid lines or fingers as depicted in Figure 5.8(a) and (b).  
The optimized grid pattern minimizes the combined effect of four loss mechanisms 
directly associated with the grid, which are (i) the optical loss due to shading, (ii) the 
resistive loss in fingers, (iii) the resistive loss in the emitter or current-spreading layer, 
and (iv) the resistive loss due to the metal/semiconductor contact.  The shading losses Ps, 
which are due to the presence of metal on the top surface that prevents light absorption, 
are determined by the fraction of the top surface covered by metal.  The resistive losses in 
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fingers Pf depend on the resistivity of the metal ρf, the pattern of the metallization and the 
aspect ratio of the metallization scheme.  The resistive losses in the top layer Pe, which 
are due to lateral current flow to the fingers, are characterized by the sheet resistance Rsh.  
The contact resistance losses Pc, which occur at the interface between the semiconductor 
and the metal contact, are characterized by the specific contact resistivity ρc.  The 










Figure 5.8: (a) Top and (b) isometric schematic view of the grid-pattern scheme for the 






 The equations for optical and electrical losses can be combined to determine the 
total power loss in the top contact grid.  The total power loss Ptot is given by 
𝑃𝑡𝑜𝑡 =  𝑃𝑠 + 𝑃𝑓 + 𝑃𝑒 + 𝑃𝑐 , (5.3) 
 This calculation does not include the resistive losses in the bus bars.  By 
numerically minimizing the total power losses in the metallization grid pattern, the 
optimal finger spacing can be determined as illustrated in Figure 5.9.  The losses shown 
in Figure 5.9 were calculated using realistic material and fabrication parameters for 
InGaN-based solar cells as listed in Table 5.1.  The optimal finger spacing must account 
for a tradeoff between resistive losses that decrease with decreasing finger spacing and 
shading losses that increase with decreasing finger spacing.  Through the optimization of 
the grid-pattern designs, the power losses can be minimized, leading to higher cell 
efficiencies.  For the modeled InGaN-based solar cell, the minimal total power loss is 
~2%, which corresponds to an optimal finger spacing of 410 μm.  Since the current 
density at maximum power point J
mp
 is relatively low, the influence of the resistive losses 








Figure 5.9: Fractional power losses associated with the grid pattern as a function of the 
finger spacing. The horizontal and vertical dashed lines correspond to the minimal total 





Table 5.1: Material and fabrication parameters used to estimate the power losses and to 
calculate the optimal finger spacing. 
 
Parameter Value 
Finger length L (μm) 450 
Emitter sheet resistance Rsh (Ω/□) 10
4
 
Metal resistivity ρf (Ω·cm) 510
-6
 
Finger width w (μm) 5 
Finger thickness d (nm) 100 










Voltage at maximum power point V
mp
 (V) 1.5 
Minimal total power loss (%) 1.97 






 By differentiating Equation (5.3), an expression of the optimal finger spacing can 
be derived and the effect of various material and device parameters can be assessed.  The 
effect of the sheet resistance Rsh on the optimal finger spacing is depicted in Figure 5.10.  
Rsh values for a Ni/Au (5/5 nm) current-spreading layers are typically in the 1-10 Ω/□ 
range whereas Rsh values for p-GaN layers are in the low-to-mid 10
4
 Ω/□ range.  As 
expected, the optimal finger spacing decreases with increasing Rsh.  For all tested values 
of Jmp, the impact of Rsh is negligible for Rsh values lower than 10
2
 Ω/□.  Valdueza-Felip 
et al. investigated the effect of grid spacing (100, 150, and 200 μm) on the performance 
of InGaN MQW solar cells [147]. The experimental results reveal that the finger spacing 
does not influence considerably the device performance, suggesting a satisfactory 











 Figure 5.11 shows the influence of Jmp and Vmp on the optimal finger spacing.  As 
Jmp increases, the effect of resistive losses becomes more significant, shifting the optimal 
finger spacing to lower values.  However, the optimum depends only slightly on Vmp.  Jmp 
and Vmp highly depend on the solar cell structure, InGaN composition, and absorbing 
layer thickness as demonstrated in Chapter 2.  While a ~50% InGaN homojunction solar 
cell under 1 sun would typically yield a Jmp in the tens of mA/cm
2
 range, a similar 
structure under 100 suns would yield a Jmp in the 1000 mA/cm
2















This chapter discussed several aspects of device processing and design of InGaN-based 
solar cells.  A processing sequence was developed to fabricate III-nitride devices.  A 
mask set that comprises devices with variable sizes and contact configurations was 
designed to optimize the conversion efficiency of InGaN-based solar cells.  Using 
CTLM, ohmic-contact formation to III-nitride films was investigated.  Finally, a design 
method for metallization patterns is presented to minimize power losses.  While the 
developed fabrication process is viable for the fabrication of future InGaN solar cells, it 




CHAPTER 6  
III-NITRIDE DOUBLE-HETEROJUNCTION SOLAR CELLS WITH 
HIGH In-CONTENT InGaN ABSORBING LAYERS 
Using the improved growth technology and the developed fabrication process, the growth 
and fabrication of InGaN/GaN double-heterojunction (DHJ) was investigated.  While 
homojunction devices are predicted to exhibit superior performance than DHJ structures 
[99], experimental results show that DHJ structures are currently the most viable design 
because of numerous material challenges [148].  Nitride-based devices are typically 
grown by metalorganic chemical vapor deposition (MOCVD) or molecular beam epitaxy 
(MBE).  Numerous studies of MOCVD-grown DHJ structures have been reported [7], but 
very few reports exist on MBE-grown DHJ devices [19].  The characteristics and 
performance of InGaN/GaN DHJ solar cells found in the literature are summarized in 
Appendix D.  In this work, we present InGaN/GaN DHJ solar cells with various InGaN 
film thicknesses and compositions grown by RF-plasma MBE including a functional DHJ 
cell with a record-high In content of 22%. 
6.1 Experimental Procedure 
 The n-GaN/i-InGaN/p-GaN DHJ solar cells were grown in a Riber 32 MBE 
system using a Veeco Unibulb plasma source.  MOCVD-grown n-GaN (0001) templates 









 were used as substrates.  The p-i-n junction consists of a 500 nm n
+
-GaN, 
an unintentionally-doped InGaN absorption layer with various thicknesses and 
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compositions, and a 90 nm p-GaN.  The InGaN layers were grown under N-rich growth 
conditions and low growth temperatures (450-500°C) [105].  The n- and p-GaN layers 
were grown at 600°C using metal-modulated epitaxy, a shuttered growth technique that 
allows for high doping while maintaining good crystal quality [29, 122].  Si and Mg were 
used as n- and p-type dopants, respectively.  Electron and hole concentrations were 
calibrated using room-temperature Hall-effect measurements and the carrier 












, respectively.  




-GaN layers is intended to counterbalance the 
detrimental polarization effects.  The high concentrations of ionized-dopant charge at the 
hetero-interfaces is expected to impede the polarization-induced field that opposes carrier 
collection [149].  Since defect generation due to strain relaxation increases with both In 
composition and thickness, four devices (A, B, C, and D) with various combinations of 
InGaN thickness and In composition were grown, characterized, fabricated, and tested.  
Samples A and B are comprised of a 35 nm- and 200 nm-thick ~10% InGaN absorbing 
layer, respectively.  Samples C and D are comprised of a 50 nm- and 200 nm-thick ~20% 
InGaN absorbing layer, respectively.  The photovoltaic characteristics of both large-area 
(11 cm) and small-area (500500 μm) devices were compared.  The large-area devices 
use indium dots as metal contacts for both n- and p-GaN layers and had no anti-reflection 
coating or current spreading layers.  The small-area devices were processed into 
500500 μm mesas by photolithography and inductively coupled plasma etching using a 
BCl3/Cl2 chemistry.  A thin layer of Ni/Au was deposited on the moderately-resistive  
p-type layer to serve as a semitransparent current-spreading layer to promote lateral 
conduction and thus, enhance carrier collection.  Ti/Al/Ti/Au and Ni/Au were used for 
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the n- and p-contact pads, respectively, without post-metallization annealing.  Due to the 
extremely-high doping achieved via RF-plasma MBE, the as-deposited contacts 
displayed ohmic behavior as measured with circular transmission line model patterns.  A 





Figure 6.1: Structure of the fabricated InGaN/GaN DHJ solar cells.  The inset is a  




 The structural properties and the surface morphology of the epitaxial layers were 
characterized by X-ray diffraction (XRD) and atomic force microscopy (AFM), 
respectively.  The I-V characteristics of the small-area devices were measured using a 
continuous-wave Oriel Class A solar simulator equipped with a Xenon ARC lamp 
(AM1.5 – 1 sun).  A reference solar cell was used to calibrate the spectral intensity.  The 
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power of the lamp was changed accordingly to obtain the desired concentration.  The 
external quantum efficiency (EQE) was measured using an Oriel IQE-200.  The 
performance of both large-area and small-area devices were tested and compared using a 
Solux broad-spectrum lamp (4700K) with ultra-low UV and under concentration (~20).  
Due to the deficiency of the blue/UV light of the Solux lamp, the performance of the 
devices presented herein is underestimated.   
6.2 Results and Discussions 
XRD (0002) 2θ-ω scans shown in Figure 6.2 indicate the absence of phase separation for 
all samples.  The presence of Pendellösung fringes around the main peaks is indicative of 
smooth interfaces.  Film thicknesses for both the InGaN and the p-GaN films were 
confirmed by calculating the average interference fringe spacing based on the Bragg 
equation.  The rocking curves (RCs) for the (0002) and (101̅5) reflections were measured 
to further characterize the crystalline quality of the InGaN absorbing layers.  The full 
width at half maximum (FWHM) of these XRD RCs, which are associated with 
dislocation density, are summarized in Table 6.1.   
 The composition and degree of relaxation of the InGaN films were measured from 
reciprocal space maps (RSMs) in the vicinity of the (101̅5) reflection (Figure 6.3).  The 
fully-strained and fully-relaxed lines are represented as vertical and diagonal dashed 
lines, respectively.  The InGaN layers in samples A, B, and C are fully coherent to the n-
GaN underlayer.  As the thickness increases to 200 nm, the degree of relaxation in the 
20% InGaN film (sample D) increases slightly to 28%, but is substantially lower than in 
other growth techniques [76, 104, 150].  The ability to grow InGaN films with In 
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composition up to 22% and negligible relaxation is attributed to the N-rich MBE growth 
under low temperature that results in efficient In incorporation, improved defect density, 
and enhanced optical properties [105].  While the InGaN film remains mostly strained, 
the slight relaxation degrades the crystal quality as demonstrated by the increase in the 
RC FWHM.  Since strain relaxation results in defect formation that can increase non-
radiative recombination and leakage current and thus, degrade the solar cell performance, 
the growth of fully-strained InGaN films is critical for DHJ cells.  Thick, fully-strained 
InGaN layers are required to maximize light absorption while maintaining good crystal 






Figure 6.2: (0002) 2θ-ω diffraction scans of samples A, B, C, and D showing the 
absence of phase separation for all samples.  The presence of Pendellösung fringes 


























A 9.4 3 409 35 0 1.1 270 485 
B 9.5 3 409 188 0 3.11 265 410 
C 22 2.56 483 48 1 2.18 296 902 







Figure 6.3: RSMs along the (101̅5) reflection of samples (a) A, (b) B, (c) C, and (d) D.  







 The surface morphology of the devices was investigated by AFM.  The AFM 
images shown in Figure 6.4 display smooth surfaces with grainy morphologies typical for 
N-rich InGaN and p
+
-GaN films [105, 122].  The root-mean-square (RMS) roughness 
increases with thickness and In content.  In sample A and B, pits located at the center of 
spiral hillocks and associated with threading dislocations are clearly visible.  These pits 




Figure 6.4: AFM images of samples (a) A, (b) B, (c) C, and (d) D.  The samples exhibit 





 The J-V characteristics of the small-area DHJs measured under 1sun AM1.5 are 
depicted in Figure 6.5(a).  All InGaN/GaN DHJs display photovoltaic and 
photoconductance effects.  To the best of our knowledge, these devices are the first 
reported InGaN/GaN DHJs grown by RF-plasma MBE.  While functional DHJ cells with 
In content up to 17% have been previously reported [151], this work presents the 
InGaN/GaN DHJ with the highest In content (22%).  Table 6.2 summarizes the 
performance characteristics of the various small-area devices under 1 sun AM1.5.  As 
expected, the short-circuit current density (Jsc) increases for thicker cells for both 
compositions due to enhanced light absorption.  As the composition increases from 10% 
to 20%, Jsc is impacted by competing effects.  On one hand, light absorption improves 
due to the reduced band gap of the InGaN absorbing layer.  On the other hand, carrier 
collection efficiency is impeded by stronger polarizations effects [152] and degraded 
crystalline quality.  These competing effects can be observed in the cells EQE as shown 
in Figure 6.5(b).  While the main spectral response of sample A and B occurs in the range 
of 360-440 nm, that of sample C and D extends up to ~500 nm.  All these values are 
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consistent with the estimated band gaps of the absorbing InGaN layers.  However, the 
peak EQE of sample C and D are substantially lower than that of sample A and B.  The 
drop in EQE below 360 nm for all samples corresponds to the absorption edge of the p-




















A 0.39 0.42 37.3 0.06 11.7 
B 0.71 0.96 48.4 0.33 24.4 
C 0.66 0.5 51.5 0.17 9 







Figure 6.5: (a) J-V characteristics of the small-area InGaN/GaN DHJ devices under 




 The performance of large-area and small-area devices was then compared.  
Figure 6.6 shows the dark and light I-V characteristics of both types of solar cells 
measured with a UV-deficient light under ~20 light concentration.  The cell series 
resistance (Rs) calculated from the linear portion of the dark I-V characteristics and the 
shunt resistance (Rsh) determined from the slope of the light I-V curve near Isc are listed in 
Table 6.3.  The cells show clear rectifying behaviors with turn-on voltages of 2.7-3 V for 
sample A and B (10% InGaN) and 1.7-2.2 V for sample C and D (20% InGaN).  As 




Table 6.3: Comparison of large-area and small-area device characteristics illuminated 
with a UV-deficient light under 20 concentration. 
 



















A 18.6 6.8 30.6 0.61  5 423 51.1 1 
B 52.9 13.4 25.2 1.13  5.2 197 51.1 1.50 
C 25.1 9.1 33.3 0.56  5.2 80.3 53.5 0.72 




 The large-area devices face leakage-current issues as demonstrated by the low Rsh 
values that negatively affect the open-circuit voltage (Voc).  The shunt issue is modestly 
improved in small-area devices where Rsh drastically increases, leading to higher values 





Figure 6.6: (a) and (b) Dark I-V curves of the large-area and small-area solar cells, 
respectively.  (c) and (d) Characteristics of the large-area and small-area solar cells, 





  The effect of light intensity on Voc is depicted in Figure 6.7 for sample B.  As the 
concentration factor increases, Voc drastically increases for both large-area and small-area 
devices.  The experimental data is fitted with a logarithmic function with a slope 
S = nkT/q corresponding to an ideality factor n ~ 9.4 for the large-area device and n ~ 6.8 
for the small-area device.  These high ideality factors are most likely due to tunneling 
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through p-GaN/i-InGaN interface states [153, 154].  The interface states may also result 
in lower Rsh.  The combined effects of leakage current and tunneling through interface 
states due to the formation of defects in the InGaN absorbing layer, have a detrimental 
impact on Jsc and Voc.  Despite these issues, sample B shows a highly promising Voc of 





Figure 6.7: Voc as a function of the concentration factor of sample B for both the  





 Finally, the growth and fabrication of a DHJ solar cell with a 35% InGaN 
absorbing layer was attempted.  The 200 nm-thick 35% InGaN layer is mostly relaxed as 
detected by the XRD RSM shown in Figure 6.8.  This strain relaxation generates defects 
and thus, degrades the crystal quality of the InGaN film.  The formation of defects due to 
strain relaxation seriously affects the performance of the cell.  The dark I-V curve, 
depicted in Figure 6.9(a), displays a very high reverse current possibly due to defects that 
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act as shunt pathways.  Under illumination, while the DHJ demonstrates 
photoconductance as illustrated by the light I-V curve in Figure 6.9(b), the device does 
not exhibit a PV effect.  This lack of a PV effect results most likely from a combination 
of two phenomena:  (i) the formation of defects due to strain relaxation that increases 
leakage current and (ii) the polarization effects due to the heterointerfaces that impedes 
carrier collection.  This experimental observation of the lack of PV effect is consistent 
with predictions reported for DHJ.  Indeed, simulation results show that DHJ structures 
stop operating as solar cells for InGaN absorbing layers with In content higher than  
25-30% due to polarization effects [41, 94, 96, 99, 152].   
 The efficiency of DHJ solar cells is limited by detrimental polarization effects, 
strain relaxation generating defects, and tunneling through interface states.  All these 




Figure 6.8: RSM along the (101̅5) reflection of the DHJ solar cell with a 35% InGaN 
absorbing layer.  The vertical and diagonal dashed lines correspond to the fully-strained 
and fully-relaxed positions, respectively.  The InGaN film is mostly relaxed. 
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indicate that the pathway for improved III-nitride solar cell performance is thick 







Figure 6.9: (a) Dark I-V curve of the DHJ solar cell with a 35% InGaN absorbing layer 
showing high reverse current and (b) Light I-V curve showing photoconductance but no 





The growth, characterization, and testing of InGaN/GaN DHJ solar cells with ~50 nm- 
and ~200 nm-thick InGaN films with ~10% and ~20% In content has been demonstrated. 
While leakage current and poor ideality factors are limiting the performance of the cells, 
the four devices exhibit promising photovoltaic and photoconductance effects. The 
performance of large-area and small-area devices was compared. As expected, the shunt 
issue is improved in small-area cells leading to higher Voc. To the best of our knowledge, 
the 22% InGaN cell presented in this work is the InGaN/GaN DHJ device with the 
highest In content reported in the literature.   
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CHAPTER 7  
GROWTH OF THICK InGaN LAYERS BY A HYBRID MBE 
GROWTH TECHNIQUE 
According to simulation and experimental results detailed in Chapter 2 and Chapter 6, 
respectively, the preferred pathway for high-efficiency III-nitride solar cells is thick 
homojunction structures.  While very promising, homojunction devices are currently 
extremely challenging to fabricate because they require thick, high-quality InGaN films.  
Due to strain relaxation, epitaxial InGaN films grown on lattice-mismatched substrates 
beyond the critical thickness usually display a high density of defects.  The defect density 
can be reduced by increasing the film thickness via the defect-annihilation mechanism.  
Threading dislocations and other crystalline defects formed in heteroepitaxially-grown 
nitride films can bend and intersect as the film is grown thicker.  By intersecting, the 
dislocations are annihilated leading to lower defect densities.  The growth of thicker films 
enables substantial defect-density reduction and thus, improved electrical and optical 
properties.  While the low-temperature N-rich growth described in Chapter 3 has 
produced high-quality 50 nm-thick InGaN layers, InGaN films are expected to roughen 
as the thickness increases.  To address the need for thick, high-quality InGaN layers, a 
hybrid MBE growth technique that combines nitrogen-rich (N-rich) and metal-rich  
(M-rich) InGaN interlayers is presented.  The hybrid growth method takes advantage of 
the high crystal quality of N-rich InGaN films as well as the smoothing effect of M-rich 
InGaN interlayers.  The alternation of roughening and smoothing effects of N-rich and 
M-rich growth conditions, respectively, is intended to bend and annihilate dislocations.    
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7.1 Experimental Procedure 
InGaN films were grown in a Riber 32 MBE system using a Veeco UNI-Bulb RF plasma 
source for N, a Veeco SUMO cell for Ga, and two standard effusion cells for In (In1 and 
In2).  The substrates used were 11 cm MOCVD-grown GaN-on-sapphire templates.  
Nitrogen flow rate and RF-plasma power were set at 1.3 sccm and 350 W, respectively, 
resulting in a ~1 μm/hr growth rate.  The growth temperature was maintained at 450°C.  
The N-rich InGaN interlayers were grown using a III/N ratio of ~0.9 with a normalized-
flux ratio In2 / (Ga + In2) equal to 25%.  The In1 source was modulated to grow the  
M-rich InGaN interlayers.  When the In1 shutter is closed, the total metal flux (Ga + In2) 
is lower than that of active N, leading to N-rich growth conditions.  When the In1 shutter 
is open, the total metal flux (Ga + In2 + In1) becomes larger than that of the active N, 
leading to M-rich growth conditions.  The open/close time of the modulation scheme, 
illustrated in Figure 7.1, and the In1 flux were calculated to ensure that the thickness of 
the excess-metal adlayer did not exceed one ML to avoid In surface segregation [45].  
The adlayer buildup and the film morphology were monitored in situ by reflection  
high-energy electron diffraction (RHEED) transient and RHEED pattern respectively.  
The structural properties and surface morphology of the films were investigated ex situ 
by X-ray diffraction (XRD), atomic force microscopy (AFM), and scanning electron 








Figure 7.1: Simplified illustration of the modulation scheme used for the growth of 
InGaN using the hybrid growth technique.   
 
7.2 Results and Discussions 
The RHEED-transient features and the corresponding physical mechanisms that occur 
during the hybrid growth of InGaN layers at various portions of the modulation scheme 
are illustrated in Figure 7.2.  The abrupt decay in the RHEED intensity labeled A is 
related to the formation of the metal adlayer (Figure 7.2A) that originates from the  
M-rich condition when the In1 shutter is open.  After the In1 shutter is closed, the metal 
adlayer is consumed into the film (Figure 7.2B), leading to an increase in the signal 
intensity visible in feature B.  Once the metal adlayer is fully consumed, the RHEED 
intensity steadily increases indicating slight roughening labeled C due to the N-rich 
growth conditions.  This roughening is also demonstrated by the gradual increase in 





Figure 7.2: (Top) Representative transient RHEED signals for hybrid growth of InGaN.  Features are labeled and shaded region 
indicates In1 shutter open portion of the modulation scheme.  (Bottom) Illustrations of the hybrid growth mechanisms for InGaN 
films.   
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portion of the cycle labeled C, the M-rich growth conditions happen during portion A and 
B.  Because the source of In from both the impinging In flux and the metal adlayer differ 
during the three portions of the cycle, the In content will vary in the different interlayers.   
 Figure 7.3(a) and (b) show the (0002) and (0004) 2θ-ω scans, respectively, of a 
250 nm-thick InGaN sample grown using this hybrid technique.  The (0002) diffraction 
scan reveals a single InGaN peak at 32.3°, but a weak InN peak at 31.3° that suggests In 
surface segregation possibly due to an excess-metal dose slightly exceeding the onset 
dose [45].  The presence of Pendellösung fringes around the InGaN peak is indicative of 
smooth interfaces.  The peak at 31.8° is the satellite peak of order -1 produced by the 
periodicity of the superlattice.  The satellite peak of order +1 is not visible since it is 
superimposed to the GaN peak.  The superlattice nature of the sample is further 
evidenced by the satellite peaks of order -1 and +1 visible the (0004) diffraction scan.  
The period Λ of the multi-layer can be calculated by 
𝛬 =  
(𝑖 − 𝑗)𝜆
2(sin(𝜔𝑖) − sin(𝜔𝑗))
 , (7.1) 




 are the peak positions, and λ the 
wavelength of the incident X-ray beam.  Using both diffraction scans, the superlattice 
period is estimated to be 6.5 nm, which is consistent with the growth rate and the period 
of the modulation scheme.  The average In composition and the relaxation degree of the 
superlattice structure, determined from the XRD reciprocal space map (RSM) along the 
(101̅5) reflection shown in Figure 7.4, are 32% and 61%, respectively.  The RSM also 




Figure 7.3: (a) XRD (0002) and (b) XRD (0004) diffraction scans of 32% InGaN grown 











 The surface morphology of the InGaN superlattice structure grown by the hybrid 
technique was investigated in situ by RHEED and ex situ by AFM.  The combination of 
M-rich and N-rich growth regime resulted in a smooth surface as evidenced by the 
elongated spots visible in the RHEED pattern (Figure 7.5(a)) and by the 55 μm and 
11 μm AFM scans showing 1.1 and 0.6 nm RMS, respectively (Figure 7.5(b) and (c)).  
Further investigations of the surface morphology by SEM revealed the presence of round 
mounds as shown in Figure 7.6 that could be associated with In surface segregation. 
However, the nitridation of In resulting from decomposition upon cool down cannot be 






Figure 7.5: (a) RHEED pattern during growth of InGaN by the hybrid growth technique.  
(b) and (c) 55 μm and 11 μm AFM scan of InGaN grown by the hybrid growth 








Figure 7.6: (a) and (b) SEM images and (c) AFM scan of the InGaN sample grown by 




In summary, a hybrid growth technique that combines M-rich and N-rich growth 
conditions was presented.  The 250 nm-thick, 32% InGaN film grown using this 
technique displays a superlattice structure detected by the XRD satellite peaks, a smooth 
surface confirmed by the XRD Pendellösung fringes and AFM, but In surface segregation 




CHAPTER 8  
INVESTIGATION OF InGaN QUANTUM DOTS FOR 
INTERMEDIATE-BAND SOLAR CELLS 
Advanced InGaN-based solar cell designs include multi-junction solar cells, III-nitride/Si 
tandem cells, and intermediate-band (IB) solar cells.  In IB solar cells, a narrow density 
of states within the band gap of the semiconductor enables sub-band-gap absorption of 
multiple photons while theoretically maintaining the same open-circuit voltage.  A 
possible approach to form the IB is to use quantum dots (QD).  In this type of structure, 
the QDs, which have a lower band gap than the barrier regions, form a discrete energy 
level due to quantum confinement.  Because of the periodic arrangement and close 
proximity of the QDs, the discrete energy levels overlap and form mini-bands that enable 
sub-band-gap absorption [155].  Therefore, the IB structure strongly depends on the size 
and density of the QDs.  InGaN QDs inserted in a GaN matrix offer great potential to 
create additional energy levels in the band gap extending the absorption below the GaN 
band gap energy.  In this study, two techniques to obtain InGaN QDs are studied.  The 
first method involves ex-situ patterning of an InGaN quantum well (QW) via electron-
beam lithography (EBL).  The second method is in-situ MBE growth using surface 
kinetics to form the QDs at various temperatures.  The QD shape, size, height, and 





8.1 Ex-situ Formation of InGaN Quantum Dots by Electron-Beam Lithography 
In this method, InGaN QDs are formed by patterning an InGaN QW using EBL and 
inductively coupled plasma (ICP) etching.  The structure consists of a ~3 nm InGaN QW 
with an In content of ~65%, sandwiched between GaN layers.  The structure is grown by 
MBE and then patterned by EBL with various doses.  The impact of electron-beam (e-
beam) exposure dose on the dot diameter is evaluated. 
8.1.1 Experimental Procedure 
The QD fabrication process is illustrated in Figure 8.1.  Figure 8.1(a) shows the grown 
GaN/InGaN QW/GaN cap structure.  All InGaN films were grown in a Riber 32 MBE 
system under N-rich conditions.  Lumilog n-GaN templates were used as substrates and 
were back-side sputtered with 1 μm of tantalum (Ta) to provide uniform heating.  The 
InGaN films were capped with a 5 nm-GaN layer to prevent phase separation upon cool 
down.  After solvent clean, the samples were immersed in SurPass 3000 for 5 min to 
promote resist adhesion.  The films were then coated with 35 nm of hydrogen 
silsesquioxane (HSQ) 2% resist and baked at 80°C for 4 min (Figure 8.1(b)).  E-beam 
writing was achieved in a JEOL JBX-9300FS EBL system at 100 kV and 0.6 nA.  After 
EBL exposure, the HSQ was developed in 25% TMAH for 30 s, and then rinsed in 
running deionized water to remove unexposed HSQ (Figure 8.1(c)).  The dot patterns 
were then transferred into the underlying InGaN layer by ICP etching in a Plasma-Therm 
ICP system.  The etching was performed in a BCl3/Cl2 mixture (8/32 sccm) with 5 sccm 
of Ar at 5 mTorr chamber pressure.  The platen (RF1) and coil (RF2) powers were 70 W 
and 50 W, respectively, resulting in an etch rate of ~50 nm/min.  After etching, the HSQ 
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was stripped in buffered hydrofluoric acid for 1 min.  The final InGaN QD structure is 
depicted in Figure 8.1(d).  The dot size, spacing and shape were characterized by SEM in 
a Zeiss Ultra60 FE-SEM.  The etch step was measured by AFM.   
 As a preliminary step for EBL processing, the e-beam dose was optimized to 
provide efficient exposure of QDs.  For this purpose, a range of e-beam exposure dose 
was evaluated on test samples.  The pattern, which consists of 2020 μm array of dots, 
was written on HVPE-grown GaN templates.  The doses were varied between 13,000 and 
20,000 μC/cm
2









Figure 8.1: Formation of InGaN QD by EBL:  (a) GaN/InGaN QW/GaN cap structure 
grown by MBE, (b) HSQ coating, (c) EBL exposure and development, and (d) pattern 





8.1.2 Results and Discussion 
The preliminary step for EBL processing was to determine the adequate e-beam dose for 
efficient writing of QDs.  Several dose test were performed on GaN templates.  The 
optimal dose depends on the dot size, dot pitch, and test area.  Figure 8.2(a) and 
Figure 8.2(c) shows examples of underexposed and overexposed patterns, respectively.  
While some dots in the underexposed pattern are missing, dots in the overexposed pattern 
are merged together.  Figure 8.2(b) shows well-defined dots obtained using an optimized 
dose.  This optimized dose was used as a baseline for subsequent e-beam writing 
experiments on InGaN QW structures.  This optimized condition leads to uniform arrays 
of dots with diameter ranging from 25 to 50 nm.  The distorted oval shape of the dots is 
due to the curvature of the electron beam during the writing of the pattern since the 
pattern was positioned in the top left corner of the beam writing area.  This shape issue 
was resolved by centering the pattern in the electron beam writing area. 
 After optimizing the EBL processing, the QD features were written on a  
3 nm-In0.65Ga0.35N layer grown on a GaN template and capped with 3 nm of GaN.  The 
pattern, which consists of 8 2020 μm regions, is depicted in Figure 8.3 (a).  Each region 
was exposed with a different dose.  Table 8.1 lists the dose for each pattern region and 
the corresponding dot diameter after exposure and after etching.  Figure 8.3(b) shows a 
SEM image of the HSQ pattern after exposure and development.  All the QD regions are 
very uniform and do not show proximity effects.  This uniformity is confirmed by the 









Figure 8.2: SEM images of (a) an underexposed pattern, (b) a pattern exposed with the 




Table 8.1: List of e-beam doses and corresponding dot diameters. 
 
 Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 Dose 6 Dose 7 Dose 8 
Dose 
(μC/cm2) 





30-32 30-33 28-32 30-35 35-38 38-40 26-35 23-36 
Dot diameter 
after etching  
(nm) 











Figure 8.3: (a) Diagram and (b) SEM image after exposure development of the pattern 
with various doses.  The inset in (a) shows a magnified view of the QDs and the inset in 









 The pattern was transferred to the InGaN quantum well by ICP etching for 50 s, 
resulting in a step height of ~40 nm as demonstrated by the step height profile of a test 
structure measured by AFM and depicted in Figure 8.4.  Figure 8.5 compares the surface 
of the sample before and after etching.  The etch process slightly roughened the GaN 
underlayer as illustrated by the AFM scan in Figure 8.5, but the surface is still relatively 






Figure 8.4: Step height profile after ICP etch measured by AFM.  The step height is 





 The QDs in the various regions were characterized using SEM to determine the 
diameter and spacing of the dots.  Representative SEM images of QDs in regions 1-8 are 
shown in Figure 8.6.  The dots are very uniform and round.  As expected, the pitch is 






Figure 8.5: 55μm AFM images of the sample surface (a) after growth of the 
GaN/InGaN/GaN structure (0.75 nm RMS) and (b) after the ICP etch (0.97 nm RMS).  







Figure 8.6: SEM images of InGaN QD pattern after ICP etching showing superior 




 Figure 8.7 displays an SEM image of QDs after etching with a sample tilt of 45°.  
The top diameter is larger than the bottom diameter is 46-49 nm.  The dot sidewalls are 
not vertical indicating that the etching process was not anisotropic.  This phenomenon 
can be explained by the low RF power needed for a slow-enough etch rate to ensure 
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timed etch control.  The diameter of the dots after etching is larger for each region than 
that before etching as listed in Table 8.1.  Because of the etch isotropy, the InGaN dots 












In summary, the fabrication of InGaN QDs with an In content of 65%, a height of ~3 nm, 
a diameter of <50 nm, and a pitch of <100 nm by EBL was demonstrated.  The EBL 
processing was optimized on GaN templates to determine the appropriate dose.  After 
calibration and optimization, the QD patterns were written on a MBE-grown GaN/InGaN 
QW/GaN structure by EBL and transferred by ICP etching resulting in uniform array of 
QDs with minor etch damage.   
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8.2 In-situ Growth of InGaN Quantum Dots by Molecular Beam Epitaxy 
While the ex-situ formation of InGaN QD by EBL allows for a precise control and 
uniformity of the dot size and density, this method is time-consuming, can produce etch 
damage, and requires multiple steps.  To address this issue, a second method, which 
consists of in-situ MBE growth of QDs, is considered.  The growth of InGaN self-
assembled QD by MBE [156, 157] and MOCVD [158] has been previously investigated.  
In this study, the effect of the growth temperature on the density and size of the QDs is 
examined.   
8.2.1 Experimental Procedure 
The metal dose required for the MBE growth can be estimated through the QD surface 
coverage.  A surface coverage of ~20% is desired to obtain a high-density of InGaN QDs 
with a diameter < 30 nm.  Taking into account the height of the QDs, the required dose to 
form the targeted structure can be estimated and corresponds to ~2 monolayers of 65% 
InGaN.  The 65% InGaN QDs were grown by MBE on GaN templates under very N-rich 
conditions with a 5 s open/10 s closed shutter duty cycle.  To evaluate the impact of the 
growth temperature on the size and density of the InGaN QD, the QD growth was 
performed at various low growth temperatures ranging from 290°C to 370°C.  The 
growth temperature was reduced to 200°C, while maintaining N flow as soon as the 
InGaN deposition was complete.  The formation of QD was characterized in real-time by 






8.2.2 Results and Discussion 
The morphology of 65% InGaN QDs deposited at various substrate temperatures can be 
qualitatively assessed by the RHEED patterns depicted in Figure 8.8.  As the growth 
temperature increases, the RHEED pattern evolves from elongated spots, associated with 
rough 2D films, to chevron-shape spots, associated with 3D islands. The chevron shape 
originates from the refraction of the electron beam when transmitted through the crystals 
facets.  The pattern evolution with increasing temperature indicates a transition from a 2D 
growth mode to a 3D growth mode.  Another noticeable feature of the RHEED patterns is 
the appearance of two distinct RHEED patterns as the temperature increases.  For growth 
temperatures of 350°C and 370°C, the RHEED patterns, visible in Figure 8.8(d) and (e), 
respectively, consist of a juxtaposition of streaks and spots that are slightly shifted 
vertically.  This shift corresponds to a difference in lattice-spacing values.  The streaks 
are attributed to the smooth GaN underlayer and the spots are attributed to the InGaN 
QDs.  With increasing growth temperature, the migration of In and Ga atoms is 
enhanced, leading to the formation of larger and sparser QDs.  The InGaN surface 
coverage decreases and the GaN-underlayer surface becomes more exposed to the 
RHEED beam, leading to a stronger corresponding RHEED signal.   
 The trends observed by RHEED during the QD formation are confirmed by post-
growth AFM measurements. 500500 nm AFM scans of the InGaN QD formed at 







Figure 8.8: RHEED patterns during MBE growth of InGaN QDs grown at (a) 290°C, (b) 





 The extracted dot density N is plotted as a function of growth temperature in 
Figure 8.10(a).  As the growth temperature increases, the density of InGaN  








 because of the 
enhanced migration of In and Ga atoms.  For high temperatures, the dot density drops 
drastically due to island coarsening by eliminating small islands while increasing the size 
of large ones [159].  This mechanism is driven by the thermodynamic tendency of the 
system to reduce its free energy through a decrease in the island total surface area.  The 
analytical relationship between the dot density N and the diffusion coefficient D indicates 
that D ∝ N
-3
 for isotropic two-dimensional diffusion [159, 160].  The diffusion 
coefficient D follows an Arrhenius relationship with the growth temperature as illustrated 
in Figure 8.10(b).  The slope of the curve yields an activation energy for surface diffusion 








Figure 8.9: 500500 nm AFM images of InGaN QDs grown by MBE at (a) 290°C, (b) 







Figure 8.10: (a) Density N of InGaN self-assembled QDs as a function of growth 
temperature and (b) N
-3
, which is proportional to the diffusion coefficient D, as a function 




 Figure 8.11 shows the effect of the growth temperature on the height and diameter 
of the QDs.  With increasing temperature, the average height rises from 0.4 nm to 3.6 nm 
while the average diameter rises from 13 nm to 30 nm.  Note that for all these samples, 
the equivalent dose of InGaN material remained constant at 2 MLs. Therefore, the size of 
the QDs can be adjusted by varying solely the growth temperature.  The standard 
deviations of the height and diameter, shown by error bars in Figure 8.11, are relatively 
large.  Since the formation of the self-assembled QDs depends on the random thermal 
migration of metal atoms, the size of the QD is highly variable.  Thus, the InGaN self-
assembled QDs produced by this in-situ MBE technique are randomly distributed and not 







Figure 8.11: Height and diameter of InGaN self-assembled QDs grown by MBE as a 




In summary, the formation of 65% InGaN self-assembled QDs by MBE was 
demonstrated.  The effect of growth temperature on the QD density, height, and diameter 
was studied.  While the in-situ MBE growth is more time-efficient and more practical for 
device integration than the ex-situ EBL formation, this technique does not allow for a 








8.3 Attempted Fabrication of InGaN Quantum Dots Solar Cells 
The theoretical performance of IB solar cells based on InGaN QD has been previously 
investigated [161, 162].  Simulations predict that the conversion efficiency of such cells 
strongly depends on the dot size, spacing, composition, and number of QD layers.  Sang 
et al. [163] recently demonstrated experimentally the MOCVD growth and fabrication of 
a multi-level IB solar cell by embedding multi-stacked InGaN QDs with varying size and 
In content in a GaN matrix between a p-n junction.  The photocurrent is enhanced due to 
sub-band-gap absorption originated from the multi-level transitions of the multi-QDs.  
However, the open-circuit voltage is considerably reduced possibly due to leakage 
current, recombination, and tunneling through energy levels introduced by the QDs.  
Using the QD calibration performed by the in-situ MBE technique and described in the 
previous section, InGaN QDs were incorporated in a p-n junction to make an attempt at 
InGaN QD IB solar cells.   
8.3.1 Experimental Procedure 
A solar cell with 5 periods of 65% InGaN QDs/GaN superlattices (SL) was grown, 
fabricated, and tested.  A schematic structure of the attempted (5) InGaN QD solar cell 
is depicted in Figure 8.12.  The InGaN QDs with a targeted In content of 65% were 
grown by MBE at 310°C.  Each layer of InGaN QDs was capped with 10-12 nm of 
MME-grown GaN.  The SL structure was sandwiched between a ~350 nm-thick n-GaN 
and a ~60 nm-thick p-GaN layers.  The solar cell was then fabricated using the 









8.3.2 Results and Discussion 
Figure 8.13 displays typical RHEED patterns at various stages of the growth of the 
InGaN QD solar cell structure. As expected, the RHEED pattern produced after the  
n-GaN layer consists of streaks with (22) reconstruction patterns as observed in 
Figure 8.13(a), that correspond to a smooth surface.  The RHEED pattern after the QD 
formation is a juxtaposition of spots and streaks, produced by the InGaN QDs and the 
GaN underlayer, respectively.  After covering the InGaN QDs by a GaN capping layer, 
the RHEED pattern becomes streaky as illustrated in Figure 8.13(c).  The RHEED pattern 
after the growth of the p-GaN layer shows elongated spots that are typical of MME-







Figure 8.13: Typical RHEED patterns at various stages of growth of the InGaN QD 
solar cell:  (a) after the n-GaN layer, (b) after the InGaN QDs, (c) after the undoped-GaN 




 The presence of the InGaN QDs in the 5-period structure was confirmed by XRD 
measurement. The (0002) diffraction scan, depicted in Figure 8.14, shows InGaN satellite 
peaks that originate from the periodicity of the InGaN QDs/GaN SL.  The surface 
morphology of the solar-cell structures was examined by SEM and AFM, as illustrated in 
Figure 8.15.  While the surface is grainy, as expected due to the p-GaN layers, it is 









Figure 8.15: (a) SEM image and (b) AFM scan of InGaN QD/GaN (5) SL solar cell 




 The performance of the attempted InGaN QD IB solar cell was tested using a 
Solux broad-spectrum lamp (4700K) with ultra-low UV and under concentration (~20).  
An example of dark and light I-V characteristics of 5-period structure are depicted in 
Figure 8.16.  The I-V characteristics show a very high reverse current and no PV effect.  
This lack of PV effect could result from leakage current, recombination, and/or tunneling 
possibly due to non-fully capped QDs.  Other issues might arise from the GaN-cap low 
growth temperature that is necessary to prevent any alteration of the InGaN QDs and that 







Figure 8.16: Dark and light I-V curve of the InGaN QD/GaN (5) SL solar cell 




In summary, the growth and fabrication of InGaN QD IB solar cell was attempted.  Using 
the MBE-growth calibration for the formation of InGaN QDs, a solar cell structure with a 
5-period InGaN QDs/GaN SL was grown by MBE.  The growth was monitored in situ by 
RHEED and the structural properties and the surface morphology were characterized ex 
situ by XRD, SEM, and AFM.  Under illumination, the device demonstrated no PV effect 
possibly due to leakage current, recombination, and/or tunneling as evidenced by high 





CHAPTER 9  
CONCLUSIONS AND RECOMMENDATIONS  
The objective of this dissertation has been to realize advances in design optimization and 
growth technology for high-efficiency InGaN-based photovoltaics through performance 
simulation, MBE growth, and device fabrication.  In this chapter, research results and 
accomplishments are summarized and discussed.  Future research recommendations are 
presented as well. 
9.1 Conclusions 
While InGaN alloys are a promising candidate for high-efficiency solar applications, their 
full potential requires significant progress in the areas of device design, material growth, 
and device fabrication.   
 Using numerical simulations, the performance of InGaN p-i-n single-junction 
solar cells were investigated to provide guidelines for optimizing device design given 
specific material characteristics.  The performance of both InGaN/GaN heterojunction 
devices that are presently achievable and InGaN homojunction solar cells that should be 
feasible in the future were investigated using realistic constraints on growth and 
fabrication.  The simulations studied the effect of In content, thickness, and background 
doping of the InGaN absorbing layer on the performance of both InGaN solar-cell 
designs.  The conversion efficiency of currently-feasible heterojunction structures is 
limited by polarization effects that hinder carrier collection for high In composition.  
These detrimental polarization effects can be eliminated by using InGaN homojunction 
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devices.  For an optimized InGaN p-i-n homojunction solar cell, the maximum 
conversion efficiency is limited below the theoretical limit for single-junction devices by 
presently achievable surface recombination velocities and minority carrier lifetimes.  
Using improved but unrealistic parameter values, the efficiency reaches a value closer to 
the predicted theoretical maximum efficiency.  The results demonstrated that the only 
viable design for a high-efficiency single-junction InGaN solar cell is the homojunction 
structure.  This design is currently challenging to fabricate, but should be achievable in 
the future assuming challenges in material quality and p-type doping can be overcome. 
 InGaN-based solar cells require high-quality InGaN layers to efficiently absorb 
photons and create photogenerated carriers.  To address this need, the MBE growth of 
InGaN film over the entire composition was investigated.  The surface morphology, 
microstructural, and optical properties of InGaN films grown by plasma-assisted MBE 
under low growth temperatures and slightly N-rich growth conditions were studied.  The 
single-phase InGaN films exhibit improved defect density, an absence of stacking faults, 
efficient In incorporation, enhanced optical properties, but a grain-like morphology.  The 
relaxation mechanism of InGaN epitaxial layers grown on both GaN and AlN was 
examined and compared.  With increasing In content, a complete misfit strain relaxation 
through the formation of a uniform array of misfit dislocations at the InGaN/GaN and 
InGaN/AlN interface were observed for InGaN films with In contents higher than 55-
60% and 40-45%, respectively.  The complete misfit strain relaxation originates from the 
fundamental lattice mismatch between the InGaN film and the buffer layer.  The In 
composition at which this structural transition happens is lower for InGaN on AlN than 
for InGaN on GaN due to the larger lattice mismatch resulting from the difference in  
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in-plane lattice constant.  The transition composition can be estimated for various buffer 
layers by calculating the In content at which the critical thickness reaches a value close to 
1-2 monolayers.  These InGaN films with improved structural and optical properties are 
very beneficial for use as absorbing layers in InGaN-based solar cells. 
 In addition to the growth of InGaN absorbing layers, the growth of doped GaN 
and InGaN films, required for photogenerated-carrier separation and collection, was 
studied.  The growth of both n- and p-GaN films by MME was investigated to provide a 
useful calibration and baseline for III-nitride solar cells. The correlation between growth 
mechanisms and RHEED signatures observed at various portions of the shutter cycle was 
analyzed for both Si-doped and Mg-doped GaN epilayers.  The impact of Si and Mg 
incorporation on the structural and electrical properties of the films were described.  The 
increased incorporation limit for both dopants is attributed to the MME technique that 
enables the control of the kinetics of dopant incorporation using low substrate 
temperatures and metal-rich fluxes.  The growth of p-InGaN films by N-rich MBE and 
MME for use in homojunction structures was also investigated.  The effect of the growth 
technique and the III/N ratio on the electrical, structural, and optical properties of  
Mg-doped 25% InGaN films was examined.  Independent of the growth method, the  
Mg-doped InGaN layers were measured to be p-type by hot-probe measurements.  All  
p-InGaN films exhibited no phase separation and a grainy morphology.  The metal-rich 
conditions lead to smoother surfaces but higher stacking-fault densities that resulted in 
the absence of optical emission.  On the other hand, the N-rich growth conditions resulted 
in rougher surfaces but enhanced optical properties.  While these p-type 25% InGaN 
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films are promising for future InGaN homojunction solar cells, further progress needs to 
be achieved to extend p-type doping to higher In composition.   
 Among the requirements to demonstrate InGaN solar cells is a process to fabricate 
and optimize devices.  A fabrication process that uses optical lithography, dry etching, 
metal deposition, and lift-off was developed.  A new mask set that comprises cells with 
various sizes and grid spacings as well as diagnostic structures was designed and 
fabricated.  To attest the viability of this process, several III-nitride devices were 
fabricated and showed promising J-V characteristics and photovoltaic responses.  The 
formation of ohmic contacts to III-nitride films, which is a critical step for the fabrication 
of InGaN solar cells, was also discussed.  While n-type contacts typically showed ohmic 
behaviors with suitable contact resistivities, satisfactory p-type contacts were more 
challenging and involved an annealing step.  Another essential design element for  
high-efficiency solar cells is the metallization grid pattern. A method for quantifying the 
power losses due to the metallization grid pattern and optimizing the finger spacing was 
presented.  The power losses for InGaN-based solar cells were calculated using realistic 
parameters and the effect of various material and fabrication parameters on the optimal 
finger spacing was assessed.  Since the produced current density is relatively low, the 
influence of resistive losses is minor and the predominant component of the total power 
loss is optical losses due to shading.   
 Using the improved growth technology and the developed fabrication process, the 
MBE growth, material characterization, and performance testing of InGaN/GaN  
double-heterojunction solar cells was investigated as a preliminary step towards device 
fabrication and as a comparison to the existing literature.  Structures with varying 
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thicknesses and compositions of the InGaN absorbing layer were studied.  The N-rich 
MBE growth at low temperatures enables the growth of thick 10% and 20% InGaN films 
with minimal strain relaxation and defect generation.  The characteristics of both  
large-area and small-area devices were compared.  While leakage current and high 
ideality factors remain major issues, the double-heterojunction cell with a record-high In 
content of 22% shows a promising photovoltaic response.  An attempt at an InGaN/GaN 
double-heterojunction solar cell with a 35% InGaN absorbing layer was also made.  The 
device does not show photovoltaic effect as a result of the formation of defects due to 
strain relaxation and polarization effects due to heterointerfaces.  This experimental 
observation of the lack of photovoltaic effect is consistent with predictions reported by 
simulations for double-heterojunction with high-In content InGaN absorbing layers.  The 
efficiency of double-heterojunction solar cells is limited by detrimental effects 
(polarization effects impeding carrier collection, strain relaxation generating defects, and 
tunneling through interface states) associated with the double-heterojunction structure.  
These experimental results, which are concordant with simulation results, further confirm 
that the pathway for high-efficiency III-nitride solar cells is thick homojunction 
structures.   
 While very promising, homojunction devices are currently extremely challenging 
to fabricate because of the need for thick, high-quality InGaN films.  To address this 
requirement, a hybrid growth technique that combines metal-rich and nitrogen-rich 
growth regime was presented.  The superlattice InGaN film displays encouraging 
structural and morphological properties, but exhibits In surface segregation.   
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 Finally, an advanced InGaN-based solar-cell design that employs InGaN quantum 
dots was explored.  Two methods to fabricate InGaN quantum dots were considered: an 
ex-situ patterning of InGaN quantum well by electron-beam lithography and an in-situ 
MBE growth of quantum dots.  For the first method, the effect of the exposure dose on 
the dot diameter was studied.  After calibration and optimization, the quantum-dot 
patterns were written on a MBE-grown GaN/InGaN quantum well/GaN structure by 
electron-beam lithography and transferred by plasma etching resulting in uniform array 
of dots with minor etch damage.  For the second method, the effect of growth 
temperature on the dot size and density was studied.  Unlike the in-situ MBE growth, 
which resulted in dots with highly variable shape and distribution, the ex-situ formation 
of InGaN quantum dots by electron-beam lithography allowed for a precise control and 
uniformity of the dot size and density.  However, the electron-beam lithography 
patterning method is time-consuming and requires multiple steps while the MBE growth 
is more time-efficient and more practical for device integration.  Using the QD 
calibration performed by the in-situ MBE technique, InGaN quantum dots were 
incorporated in a p-n junction to make an attempt at an InGaN intermediate-band solar 
cell.  Under illumination, the device demonstrated no photovoltaic effect possibly due 
leakage current, recombination, and/or tunneling as evidenced by high reverse current.  
Further efforts are necessary to optimize the growth conditions to obtain functioning 
InGaN quantum-dot intermediate-band solar cell grown by MBE.   
9.2 Contributions 




1. Provided guidelines for high-efficiency InGaN solar cells using realistic 
properties [99, 152].  
2. Identified present and future material limitations for InGaN solar cells [99, 152]. 
3. Demonstrated the growth of single-phase InGaN films by N-rich MBE [105]. 
4. Improved the structural and optical quality of InGaN layers at solar-relevant 
composition (20-60% In content) [105]. 
5. Identified the origin of the complete misfit strain relaxation as the fundamental 
lattice mismatch between In-rich InGaN films and GaN/AlN underlayers [51, 
105]. 
6. Presented a method to estimate the In composition at which the transition in the 
structural properties occurs depending on the buffer layer [51, 105].  
7. Calibrated n- and p-type doping for III-nitride solar cells [122]. 
8. Demonstrated the growth of p-type 25% InGaN layers by N-rich and MME. 
9. Developed a fabrication process for III-nitride optoelectronic devices [122].  
10. Designed and fabricated a photomask dedicated to III-nitride based solar cells. 
11. Calculated and optimized the metallization grid pattern for InGaN-based solar 
cells.  
12. Reported the first InGaN/GaN double-heterojunction solar cells grown by  
RF-plasma MBE [164]. 
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13. Demonstrated the growth and fabrication of functioning InGaN/GaN  
double-heterojunction solar cells with record-high In content of 22% [164]. 
14. Developed and optimized an electron-beam lithography process to pattern  
30 nm-diameter InGaN quantum dots. 
15. Investigated the effect of growth temperature on the size and density of InGaN 
quantum dots by N-rich MBE growth.  
9.3 Recommendations for Future Work 
Although this dissertation aimed at advancing InGaN-based solar cells, numerous 
research aspects require further improvements.  Potential future research areas are 
presented in this section.   
9.3.1 Growth of p-InGaN Films with High In Content 
The growth of p-InGaN films with high In content is critical for the fabrication of 
homojunction solar cells. While the p-type 25% InGaN films demonstrated in this 
dissertation are promising, further advances are required to achieve p-type InGaN over 
the entire composition range. Extending p-type doping to higher In composition is very 
difficult since undoped InGaN epilayers usually show n-type conductivities with high 
residual electron concentrations due to donor-type impurities and defects.  Another 
challenge is the presence of the surface accumulation layer in In-rich InGaN due to the 




9.3.2 Optimization of Fabrication Process  
The fabrication process developed in this dissertation is a useful starting point for 
producing III-nitride solar cells, but would benefit from add-ons and optimization. 
Suggested areas of research include the optimization of metal contacts, the optimization 
of the current spreading layer, the use of an antireflection coating (ARC), and the use of 
sidewall passivation.  Metal-contact schemes and annealing conditions for both p- and n-
type GaN can be further optimized to improve the contact resistance and stability.  The 
current spreading layer is a critical aspect of nitride-based optoelectronic devices that also 
requires optimization.  The electrical and optical properties of various films, for instance 
Ni/Au or transparent conductive oxides such as indium tin oxide (ITO), and the effect of 
annealing conditions on their properties should be studied.  The ARC, which aims to 
enhance light coupling into the device, should have excellent surface passivation qualities 
and a matching refractive index. Thin layers of SiO2 or SiN could be employed for 
sidewall passivation to eliminate current leakage path along the mesa sidewalls.  
9.3.3 Investigation of Graded Structures for Photovoltaic Applications  
As demonstrated by simulation results, InGaN/GaN heterojunction devices are limited by 
polarization effects.  To mitigate these detrimental effects, composition-graded layers can 
be introduced to replace the abrupt InGaN/GaN heterointerfaces.  Compared to the 
double-heterojunction design, these devices contain n- and p-type composition-graded 
layers.  While this structure hinders detrimental polarization effects, the graded layers can 
have an unfavorable impact on the solar cell due to the introduction of defects that can act 
as shunt pathways.  
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9.3.4 Investigation of Thick InGaN layers for Homojunction Solar Cells 
Thick InGaN layers grown by the hybrid MBE growth technique are very promising for 
high-efficiency solar cells.  However, further research efforts are necessary to determine 
the full potential of these layers.  To solve the In segregation issue, an alternative solution 
that consists of periodic ultra-thin metal-rich (M-rich) GaN interlayers inserted during the 
nitrogen-rich (N-rich) InGaN growth, is proposed.  A similar semi-bulk approach has 
been previously investigated by MOCVD [165, 166].  This method replaces the M-rich 
InGaN interlayers used in Chapter 7, by M-rich GaN interlayers to avoid the formation of 
InN clusters.  The alternative modulation scheme, which requires the control of source 
shutters independently, is illustrated in Figure 9.1.  To implement this technique, a 
MATLAB script, provided in Appendix E, was written [167].  The effect of the M-rich 
GaN interlayers on the structural, optical, and electrical properties of these films needs to 
be investigated.  Thick InGaN buffer layers with optimized properties can then be 




Figure 9.1: Simplified illustration of an alternative modulation scheme for the growth of 
InGaN using the hybrid growth technique.  
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APPENDIX A  
X-RAY DIFFRACTION OF InGaN ALLOYS 
 X-ray diffraction (XRD) is a non-destructive technique used to determine the 
composition, strain, thickness, lattice parameters, and defect densities of III-nitride films 
and device structures.  The diffraction of X-rays by matter results from the combination 
of the X-ray scattering by each atom in the crystal and the constructive interference of the 
scattered waves.  Bragg’s law, which describes the condition for constructive 
interferences, relates the spacing d
hkl
 between the planes of atoms from which diffraction 
occurs, to the angle θ between the incident monochromatic ray and the scattering planes 
required for constructive interference: 
2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛 𝜃 = 𝑛𝜆, (A.1) 
where n is an integer and λ is the wavelength of the incident X-ray beam (λ = 1.54056 Å 
for CuKα).  Each set of (hkl) crystal planes associated with real space will produce a 
diffraction spot associated with reciprocal space. In thin epitaxial semiconductor alloy 
films, variation of strain and chemical composition may both lead to a variation of 
interplanar separations, and thus, to a variation of the reciprocal lattice point (RLP) 
location.   
 For symmetric Bragg reflections (h and k = 0), only variations in lattice constant 
perpendicular to the sample surface can be detected.  The physical origin (strain or 
composition) of the variation of the RLP position cannot be determined in this case as 
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illustrated in Figure A.1.  Considering only symmetrical X-ray reflection may result in 




Figure A.1: Schematic diagram illustrating the effect of strain and composition variation 




 However, in the asymmetric case, the RLP shifts due to strain and composition 
differ significantly.  Information on the in-plane and out-of-plane lattice constants can be 
obtained using an asymmetrical reciprocal space map (RSM) that allows the separation of 
the two effects.  A RSM, which is a 2D section of reciprocal space, can be obtained by 
taking a series of 2θ-ω scans at successive values of ω, the angle between the incident 
beam and the sample surface.  For asymmetric Bragg reflections, the value of ω will 
differ from that of θ.  In order to plot RSMs, the angles ω and 2θ are converted into 
coordinates in reciprocal space Qx and Qz using the following equations [168, 169]: 
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𝑄𝑥 = 𝑠𝑖𝑛 𝜃  𝑠𝑖𝑛(𝜃 − 𝜔) =
1
2




𝑄𝑧 = 𝑠𝑖𝑛 𝜃  𝑐𝑜𝑠(𝜃 − 𝜔) =
1
2




where d⊥ and d∥ are the average lattice spacing perpendicular to the layers and in the 
plane of the layer, respectively.  In hexagonal lattices, the relation between the lattice 
spacing d
hkl

















2 , (A.4) 








ℎ2 + ℎ𝑘 + 𝑘2
3
 (A.5) 




Thus, any pair of coordinates (Qx, Qz) in the map corresponds to a pair of lattice 
constants (a, c) of the wurtzite structure.  
 In heteroepitaxy, the lattice constants of relaxed InGaN differ from those of the 
underlying substrate, creating a biaxial strain. In an InGaN layer, the strain components 











where a and c are the measured lattice parameters, and c0(x) and a0 (x) are the relaxed 
parameters given by Vegard’s law.  The biaxial strain causes the distortion of the 
hexagonal unit cell.  According to the biaxial elastic model, the in-plane strain εxx shows 
a linear relationship with the out-of-plane strain εzz by the distortion factor D as expressed 
by the following formula: 




where C13(x) and C33(x) are the elastic constants linearly interpolated from the binary 





where a and a0(x) are the measured and relaxed in-plane lattice constants of the layer of 
composition x, respectively, and a(S) is the lattice constant of the substrate. R = 0 means 
that the in-plane lattice constant in the layer is equal to the in-plane lattice constant of the 
substrate, i.e. the epitaxial film is completely strained to the substrate. On the other hand, 
R = 1 means that the lattice constant equals to that of the free-standing layer, i.e. the 
epitaxial film is fully relaxed.  
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 The effects of strain and composition on the position of the symmetric and 
asymmetric RLPs are illustrated in Figure A.1 [150].  The variation in composition of a 
layer with fixed strain follows an isostrain composition line. The isostrain composition 
line corresponding to R = 0 and R = 1 are shown in Figure A.1. The relaxation process of 
a layer with a fixed composition from fully strained to fully relaxed follows an 
isocomposition relaxation line inclined at an angle α with respect to the Qz axis. Two 
isocomposition lines along which relaxation varies from R = 0 to R = 1 are shown in 
Figure A.1 as two dashed lines at the angles α1 and α2.  
The angle α can be expressed by 




where φ is the inclination angle of the (hkl) diffraction plane with respect to the surface 
normal given by [170] 






(ℎ2 + ℎ𝑘 + 𝑘2)
𝑙2
 (A.12) 























The input parameters used to perform the calculation are listed in Table A.1.  
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Table A.1: Lattice parameters and elastic constants for InN and GaN [171]. 
 
Parameter GaN InN 
c0 (Å) 5.185 5.703 
a0 (Å) 3.189 3.545 
C13 106 92 






APPENDIX B  
FABRICATION PROCESS FLOW 
 The following procedure was used for fabricating solar cell devices using five 
masks depicted in Figure B.1. Samples were degreased with a solvent clean before any 
photolithography step. Before processing the samples, the tantalum (Ta) backside metal 
was removed for consistent results.   
B.1 Apparatus 
B.1.1 Facilities 
- Van Leer cleanroom 
- Pettit cleanroom 
- Marcus inorganic cleanroom 
B.1.2 Materials  
- Mask set 
- Cleanroom supplies:  beakers, tweezers, wipes, swabs, etc.  
B.1.3 Chemicals 
- Cleaning:  trichloroethylene (TCE), Acetone, Methanol, deionized (DI) Water  
- Photoresist (PR):  AZ 5214 
- Developer:  AZ 400K or AZ 300MIF 
- Stripper:  AZ 400T  
- Buffered Oxide Etch (BOE)  
- Hydrofluoric acid (HF) 
- Nitric acid (HNO
3
) 




- Wet bench and fume hood  
- Spin coater  
- Mask aligner:  SUSS MJB3 (Exposure wavelength:  365 nm) 





- Asher:  Plasma-Therm RIE (Gas:  O
2
) 
- Profilometer:  Tencor KLA, Dektak 150 
- Electron-beam evaporator:  Denton Explorer, CVC, CHA 2, VL evaporator 
(Metals:  Ni, Au, Ti, Al, Pd) 
- Mini-annealer:  MILA-5000 (Gases:  N
2
, air)  
 
 
B.2 Processing Recipes 
B.2.1 Solvent Clean 
- TCE for 5 min 
- Acetone for 5 min 
- Methanol for 5 min 
- Dry with N
2
 
- Rinse with DI water 
B.2.2 Photoresist Positive Recipe 
- Solvent clean 
- Dehydration Bake @ 120°C for >5 min to remove any solvent moisture - hot 
block in oven  
- Spin AZ 5214 PR – spread:  500 rpm for 5 s; spin:  3500 rpm for 30 s 
- Soft bake @ 115°C for 90 s - hot block in oven 
- Exposure @ 100 mJ/cm
2
 - use 365 nm detector to determine power and calculate 
exposure time 
- Development in AZ 400K or AZ 300MIF developer for 20-30 s - Mild agitation 
- Rinse in DI water for 30 s 






B.2.3 Photoresist Negative Recipe 
- Solvent clean 
- Dehydration Bake @ 120°C for >5 min to remove any solvent moisture - hot 
block in oven  
- Spin AZ 5214 PR - spread:  500 rpm for 5 s; spin:  3500 rpm for 30 s 
- Soft bake @ 115°C for 90 s - hot block in oven 
- Exposure @ 60 mJ/cm
2
 - use 365 nm detector to determine power and calculate 
exposure time 
- Post exposure bake @ 100°C for 30 s - hot block in oven  
- Flood exposure @ 600 mJ/cm
2
 
- Development in AZ 400K or AZ 300MIF developer for 20-30 s - Mild agitation 
- Rinse in DI water for 30 s 
- Dry with N
2
 
B.2.4 Plasma Etching Recipe 
- Plasma-Therm ICP etcher – Left chamber 
- Mount samples on 4" carrier wafer with cool grease 
- Gases:  Cl
2
 = 32 sccm, BCl
3
 = 8 sccm, Ar = 5 sccm 
- Power:  RF1 = 70 W, RF2 = 500 W 
- GaN etch rate = 400-450 nm/min – PR etch rate ~500 nm/min 
- Remove cool grease on the backside using a swab dampened with acetone 
B.2.5 Plasma Descum Recipe to Remove Cured Photoresist 
- Plasma-Therm RIE etcher – Right chamber 
- Gases:  O
2
 = 80 sccm 
- Power:  RF = 200 W 
- Pressure:  P = 200 mTorr 
B.2.6 Plasma Descum Recipe before Metallization 
- Plasma-Therm RIE etcher – Right chamber 
- Gases:  O
2
 = 10 sccm 
- Power:  RF = 10 W 




B.3 Process Flow 
B.3.1 Ta Backside Metal Etch  
- Spin PR on epi side for protection 
- Cure PR 30 min @ 120°C 
- Etch in HF:HNO
3
:DI 1:1:5 for 5-10 min 
- Rinse in DI water 
- Dry with N
2
 
- Soak in acetone using ultra-sonic bath to remove protective PR 
- Solvent clean 
- Rinse in DI water 
- Dry with N
2
 
B.3.2 Mesa Isolation - Photolithography 
- Solvent clean 
- Photolithography:  AZ 5214 PR positive process (see above) - mesa isolation 
mask (Mask 1 in Figure B.1(a)) 
- Cure PR by baking @ 120°C for ~30 min in oven 
- Determine PR thickness with profilometer (~1.8 μm) 
B.3.3 Mesa Isolation - Etch  
- Plasma-Therm ICP to etch III-N 
- Determine PR + mesa thickness with profilometer  
- Remove AZ 5214 PR mask using acetone and swab 
- Descum Plasma-Therm RIE to remove cured PR for 2min 
- Determine mesa height/etch depth with profilometer 
B.3.4 Recess Contact - Photolithography 
- Solvent clean or piranha etch to clean sample and remove cured PR residue 
- BOE dip 3 min - Rinse DI 
- Optional:  NH
4
OH 80°C 15 min - Rinse DI 
- Photolithography:  AZ 5214 PR Negative Recipe (see above) - Recess contact 
mask (Mask 2 in Figure B.1(b)) 
- Descum Plasma-Therm RIE 1 min 
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- Determine PR thickness with profilometer 
B.3.5 Recess Contact - Metallization 
- BOE:DI 1:1 dip 30 s for better contacts immediately before loading samples in  
e-beam evaporator 
- Recessed contact metallization - E-beam evaporator (n-type metal): 
Ti (300 Å)/Al (1000 Å)/Ti (300 Å)/Au (500 Å) 
- Metal lift-off – Acetone or AZ 400T stripper soak, ultra-sonic bath if needed 
- Solvent clean - Rinse DI 
- Determine metal thickness with profilometer 
- Optional:  Ohmic contact anneal – Mini-annealer in Van Leer - Recipe:   
700-800°C for 30 s in N
2
 
B.3.6 Current Spreading Layer - Photolithography 
- Photolithography:  AZ 5214 PR Negative Recipe (see above) - Top spreading 
metal (Mask 3 in Figure B.1(c)) 
- Descum Plasma-Therm RIE 1 min 
- Determine PR thickness with profilometer 
B.3.7 Current Spreading Layer - Metallization 
- HCl dip 30 s for better contacts immediately before loading samples in e-beam 
evaporator 
- Current spreading layer metallization - E-beam evaporator (p-type metal) 
- Ni (50 Å)/Au (50 Å) 
- Metal lift-off – Acetone or AZ 400T stripper soak, ultra-sonic bath if needed 
- Solvent clean - Rinse DI 
- Determine metal thickness with profilometer 
B.3.8 Top Contact - Photolithography 
- Photolithography:  AZ 5214 PR Negative Recipe (see above) - Top spreading 
metal (Mask 4 in Figure B.1(d)) 
- Descum Plasma-Therm RIE 1 min 
- Determine PR thickness with profilometer 
B.3.9 Top Contact - Metallization 
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- Top contact metallization - Electron-beam evaporator (p-type metal) 
- Ni (500 Å)/Au (500 Å) 
- Metal lift-off – Acetone or AZ 400T stripper soak, ultra-sonic bath if needed 
- Solvent clean - Rinse DI 
- Determine metal thickness with profilometer 






Figure B.1: Schematics of the masks used for the solar-cell fabrication:  (a) Mask 1 for 
mesa isolation, (b) mask 2 for recess contact, (c) mask 3 for current spreading layer, and 
(d) mask 4 for top contact.  
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APPENDIX C  
OPTIMIZATION OF FINGER SPACING 
 A method for quantifying the fractional power losses of the metallization grid 
pattern for InGaN-based solar cells is presented.  The model is based on the unit-cell 
approach to accurately quantify the optical and electrical power losses associated with the 
metallization grid [172].  The unit cell approach consists of calculating the power loss 
due to a particular mechanism by integrating the loss and then dividing it by the total 
power generated in the relevant unit cell to give a fractional power loss. This approach 
effectively normalizes the power loss to per unit area and allows for a fair comparison of 
loss mechanisms within the metallization.  The power losses include shading losses, 
resistive losses in the top layer, resistive losses in the metal finger, and resistive losses 
due to the metal/semiconductor contact.   
C.1 Shading Losses 
 Shading losses are simply proportional to the coverage fraction. Therefore, 
considering the unit cell illustrated in Figure C.1, the fractional optical losses ps due to 
shading can be expressed as 











Figure C.1: Top view of the grid-pattern scheme for the solar cell under study.  The inset 




C.2 Resistive Finger Losses 
 The derivation for the fractional resistive losses along the finger is as follows:  










Figure C.2: Finger diagram showing the element dx used to calculate the resistive losses 





Considering the unit cell depicted in Figure C.2, the current flow I at any position x along 
the finger is  
𝐼 = 𝐽𝑚𝑝𝑥𝑆, (C.3) 
where Jmp is the current-density value at maximum power point.  The resistive losses in 
fingers Pf can be calculated by integrating the electrical power losses over the entire 
finger length L:   












At the maximum power point, the generated power Pgen in the unit cell of area SL is  
𝑃𝑔𝑒𝑛 =  𝐿𝑆𝐽𝑚𝑝𝑉𝑚𝑝, (C.5) 
where Vmp is the voltage value at maximum power point.  The fractional resistive losses 
in fingers pf is obtained by dividing the absolute power losses by the generated power:   
𝑝𝑓 =  
𝑃𝑓 
𝑃𝑔𝑒𝑛 




C.3 Resistive Emitter Losses 
 The resistive losses Pe in the top layer can be estimated by integrating the 
electrical power losses due to the lateral current flow from the midpoint between two 
finger lines to the finger line [173].  The differential resistance along the y axis as defined 







where Rsh is the sheet resistance of the p-GaN or the current-spreading layer.  
Considering the unit cell depicted in Figure C.3, the current flow I at any position y is  





Figure C.3: Top view of the grid-pattern scheme for the solar cell under study.  The inset 




The resistive emitter losses Pe can be calculated by integrating the electrical power losses 
over the width of the unit cell:   

















The fractional resistive losses in fingers pe is thus, given by  
𝑝𝑒 =  
𝑃𝑒 
𝑃𝑔𝑒𝑛 




C.4 Resistive Losses due to Semiconductor-Metal Contact 
 Finally, the resistive losses due to semiconductor-metal contact Pc resulting from 
current flowing from both sides of the finger can be estimated by considering the unit cell 
depicted in Figure C.1 [5].  The resistance R due to the semiconductor-metal contact is 
given by 




where ρc is the specific contact resistivity.  The current flow I over the unit cell of area SL 
is  
𝐼 = 𝐽𝑚𝑝𝑆𝐿 (C.13) 
Therefore, the resistive losses due to semiconductor-metal contact Pc is 




2 𝑆2𝐿2, (C.14) 
where ρc is the specific contact resistivity.  The generated power Pgen, which account for 
the current collection over an area SL for each finger is  
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𝑃𝑔𝑒𝑛 = 𝐿𝑆𝐽𝑚𝑝𝑉𝑚𝑝 (C.15) 
The fractional resistive losses in fingers pc is thus, given by  
𝑝𝑐 =  
𝑃𝑐 
𝑃𝑔𝑒𝑛 




C.5 Total Power Losses 
 The equations for optical and electrical losses can be combined to determine the 
total power losses in the top contact grid.  The total power losses is given by 
𝑝𝑡𝑜𝑡 =  𝑝𝑠 + 𝑝𝑓 + 𝑝𝑒 + 𝑝𝑐 (C.17) 
 By numerically minimizing the total power losses in the metallization grid 
pattern, the optimal finger spacing can be calculated.    
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APPENDIX D  
REPORTS ON InGaN/GaN DOUBLE-HETEROJUNCTION 
SOLAR CELLS 

















p-GaN:   





n-GaN:   








Voc = 2.4 V 
FF = 78-80% 
(UV-enhanced light) 








p-GaN:   










Jsc = 4.2 mA/cm
2
 
Voc = 1.81 V 
FF = 75% 












p-GaN:  150 nm 
Jsc = 0.46 mA/cm
2
 
Voc = 2.1 V 
FF = 81% 








p-GaN:  150 nm 
n-GaN:  3 μm 
Jsc = 0.52 mA/cm
2 
Voc = 2.09 V 








p-GaN:  50 nm 
Jsc = 0.5 mA/cm2 
Voc = 1.79 V 
FF = 64% 
η = 0.57% 












p-GaN:   





n-GaN:   





Jsc = 1.59 mA/cm
2
 
Voc = 2.23 V 
FF = 61% 
η = 1.41% 
(AM1.5 – 1.5sun) 







p-GaN:  150 nm 
n-GaN:  2 μm 
Jsc = 0.65 mA/cm
2
 
Voc = 2.2 V 
FF =75% 
η = 1.03% 







p-GaN:  100 nm 
n-GaN:  2.2 μm 
 
Jsc = 0.644 mA/cm
2
 
Voc = 2.0 V 
FF =79.5% 
η = 1% 
(AM1.5) 



















Jsc = 1.06 mA/cm
2
 
Voc = 1.89 V 
FF = 78.6% 
Pmax = 1.57 mW/cm
2
 
(Xe lamp AM1.5G 1 sun) 
EQE = 72% 







p-GaN:   





n-GaN:   





Jsc = 0.59 mA/cm
2
 
Voc = 1.33 V 
FF = 65% 
η = 0.51% 
(AM1.5G – 1 sun) 



















Jsc = 1.11 mA/cm
2
 
Voc = 1.75 V 
FF =73% 
(AM0 – 1 sun) 













p-GaN:  100 nm 
n-GaN:  2.2 μm 
 
Jsc = 0.83 mA/cm
2
 
Voc = 2.0 V 
FF =75.2% 
η = 1.2% 
(AM1.5G – 1 sun) 







p-GaN:  200 nm 
n-GaN:  2.5 μm 
 
Jsc = 0.42 mA/cm
2
 
Voc = 2.1 V 
FF =77.8% 
(AM1.5G – 1 sun) 







p-InGaN (0.037):  100 nm 
p
+
-GaN:  10 nm 
n-GaN:  2 μm 
 
Jsc = 0.74 mA/cm
2
 
Voc = 2.08 V 
FF = 70.5% 
η = 1.09% 
(AM1.5 – 1 sun) 





0.1 - 0.12 - 
0.14 
(150 nm) 
p-GaN:  100 nm 
n-GaN:  3 μm 
 
Jsc = 0.31 mA/cm
2
 
Voc = 2.07 V 
FF =80% 
η = 0.51% 







p-GaN:   






10 pairs 2.5/2.5 nm 
i-GaN:  10 nm 
i-InGaN:   





n-GaN:   











n-GaN:   





Jsc = 26.8 mA/cm
2
 
Voc = 2.19 V 
FF =74% 
η = 0.362% 















p-GaN:  100 nm 
Low-temperature GaN 
interlayer:  5 nm 
n-GaN:  5 μm 
Jsc = 0.54 mA/cm
2
 
Voc = 1.3 V 
η = 0.38% 
(Xe lamp) 







p-GaN:   





n-GaN:   





Jsc = 0.792 mA/cm
2
 
Voc = 1.42 V 
FF = 74.6% 
η = 0.841% 
(AM1.5G – 1 sun) 

















Jsc = 0.796 mA/cm
2
 
Voc = 1.23 V 
FF = 61.02% 
η = 0.6% 
(AM1.5G – 1 sun) 




MOCVD (60 nm) 
p-GaN:  300 nm 
(intentionally rough) 
n-GaN:  2 μm 
Jsc = 2.1 mA/cm
2
 
Voc = 1.54 V 
(AM1.5G – 1.5 sun) 








p-GaN:   





n-GaN:   





Jsc = 0.45 mA/cm
2
 
Voc = 1.6 V 
FF = 64.6% 
(Concentrated AM0) 












Jsc = 1.12 mA/cm
2
 
Voc = 0.48 V 
FF = 30.2% 
Pmax = 0.162 mW/cm
2
 
(AM1.5 Xe lamp) 






n-GaN:   





Jsc = 0.12 mA/cm
2
 
Voc = 2.3 V 
FF = 80% 
η = 1.05% 





APPENDIX E  
MATLAB CODE FOR INDEPENDENT SHUTTER CONTROL 
The following MATLAB script is used to implement the alternative modulation scheme 
of the hybrid growth presented in Chapter 9.  
% s: serial port object associated with the shutter-control box 
s = serial('COM32','BaudRate',9600,'DataBits',8); 
set(s,'Terminator','CR/LF'); 
fopen(s); 
% Shutter address number: In1 = 6 | In2 = 3 | Ga = 4 | Si = 5 |  
% plasma = 2 
% m: Ga accumulation time 
m = 5; 
% c: GaN consumption time 
c = 7;  
% N-rich InGaN growth 
n = 20; 
% i: total growth time 
i=0; 
itot = 2560; 




   % N-rich InGaN | open In2 and Ga 
   fprintf(s,'/3e7R'); 
   fprintf(s,'/4e7R'); 
   disp('N-rich InGaN') 
   pause(n) 
   i=i+n; 
   % Ga wetting layer | Close In2 and plasma 
   fprintf(s,'/3e8R'); 
   fprintf(s,'/2e8R'); 
   disp('Ga wetting layer') 
   pause(m) 
   i=i+m; 
   % Consume Ga metal | close Ga and open plasma 
   fprintf(s,'/4e8R'); 
   fprintf(s,'/2e7R'); 
   disp('consume Ga metal') 
   pause(c) 
   i=i+c; 
   disp([num2str(floor(i/60)), 'min ', num2str(mod(i,60)) , 'sec over 
   ', num2str(floor(itot/60)), 'min ', num2str(mod(itot,60)) , 'sec ']) 





% N-rich InGaN | open In2 and Ga 
fprintf(s,'/4e7R'); 
fprintf(s,'/3e7R'); 
disp('LAST N-rich InGaN') 
pause(n) 
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